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Abstract
Fundamentals and Applications of Charge Transfer Dissociation Mass Spectrometry
Zachary J. Sasiene
The recent surge in the analysis of biomolecules has driven the need for robust, versatile, sensitive,
and accurate techniques such as tandem mass spectrometry for compound structural elucidation.
Many fragmentation techniques have been developed over the years, but each has their own
limitations, such as the loss of post-translational modifications (PTMs), inability to fragment
singly charged precursor ions or cost prohibitiveness. To help fill this gap, a novel fragmentation
technique called charge transfer dissociation (CTD) has been developed to fragment stored
precursor ions through radical-driven fragmentation processes using kiloelectronvolt reagent
cations. CTD has shown success in the analysis of proteins, peptides, lipids and oligosaccharides
but, until now, the underlying principles behind this fragmentation technique have not been
thoroughly explored. This dissertation, therefore, focused on the fundamentals of CTD efficiencies
and mechanisms and the extent of structural information that can be gained depending on the
charge state and charging adducts of different precursor ions like peptides and oligosaccharides.
The first set of experiments investigated the identity of the reagent gas used in CTD and
the impact on the sequence coverage and fragmentation efficiency for the analysis of a model
peptide, bradykinin and a model oligosaccharide, κ-carrageenan with a degree of polymerization
of four (dp4). In past work, CTD employed helium as a reagent gas, but due to the increased
scarcity and expense of helium as a consumable, this work explored a variety of alternative reagent
gases, including Ar, H2, He, N2, O2, and lab air. Initially, CTD was contrasted with low-energy
collision-induced dissociation (LE-CID) for both bradykinin and κ-carrageenan dp4. All of the
CTD reagents gases generated near-complete sequence coverage of bradykinin and LE-CID only
generated ~56% sequence coverage. For analysis of κ-carrageenan dp4, all the CTD reagents gases
generated more structural information than CID, and CTD preserved labile sulfate groups while
providing cross-ring cleavages. In contrast, LE-CID spectra contained sulfate losses, glycosidic
cleavages and neutral losses. All five reagent gases generated consistent sequence coverage and
fragmentation efficiencies relative to He-CTD, which suggests that the ionization energy of the
reagent gas has minimal impact on the fragmentation of the biological ions. The majority of the
activation energy for bradykinin and κ-carrageenan dp4 comes from the electron stopping
mechanism, which involves long-range coupling of reagent cations and electrons bound in the
highest occupied molecular orbitals (HOMOs) of the biological ions. Based on these results, any
of the alternative reagent gases tested can function as effective options for CTD experiments.
He-CTD and LE-CID were then used to analyze alkali and alkaline earth metal adducts of
a branched glycan, XXXG, to determine if metal adducts would impact the fragmentation patterns
and structural characterization of the analyte. Both singly and doubly charged precursors were
analyzed and they included H+, Na+, K+, Ca2+ or Mg2+ cations. The LE-CID spectra were
dominated by glycosidic cleavages and numerous neutral losses which complicated spectral
interpretation. Irrespective of the metal adduct, He-CTD generated abundant and numerous

glycosidic and cross-ring cleavages that were structurally informative and able to identify the 1,4linkage and 1,6-branching pattern of XXXG. Surprisingly, both LE-CID and He-CTD generated
singly charged product ions from doubly charged adducts of calcium and magnesium. A similar
phenomenon is observed with ECD of magnesium and calcium adducts and is due to the loss
of H+ from the metalated product ions and the formation of a protonated complementary
product ion. However, during He-CTD, the [M+Mg]2+ precursor generated more singly charged
product ions than [M+Ca]2+ presumably because Mg has a higher second ionization potential
than Ca. Overall, even though the metal adducts altered the m/z values of the product ions, the
metal adducts did not inhibit the generation of structurally informative product ions and the
identification of the 1,4-linkage and 1,6-branching pattern of XXXG with He-CTD.
The final set of experiments examined if He-CTD could effectively characterize the
structure of a mannuronic acid oligomer and how sodium-hydrogen exchanges impact the
fragmentation pathways of polymannuronic acid. He-CTD was able to successfully identify the
1,4-linkage pattern between the core mannuronic acid residues of the [M+Na]+ and [M+2Na]2+
precursors using multiple product ions including, 3,5An, 2,4Xn, 1,4A3 and 2,4An cross-ring cleavages.
Upon cursory inspection of the [M+3Na-H]2+ and the [M+3Na-2H]+ product ion maps, the number
of cross-ring cleavages observed appeared to increase as the number of sodium-hydrogen
exchanges increased. However, the pattern did not continue when the [M+4Na-3H]+, [M+5Na3H]2+ and [M+6Na-4H]2+ were investigated because there was a decrease in the number of crossring fragments generated between the [M+5Na-3H]2+ and [M+6Na-4H]2+ precursors. In EDD of
glycosaminoglycans, an analogous situation occurs and is attributed to the possible involvement
of carboxyl hydrogens in the generation of cross-ring cleavages through hydrogen
rearrangements. The main difference between the spectra with and without sodium-hydrogen
exchange was the increased number of ambiguous product ions generated in spectra with
sodium-hydrogen exchanges. The 18O labeling on the reducing end helped lessen the number of
ambiguous product ions generated, but there were numerous isobaric product ions generated due
to the possible product ions from the sodium-hydrogen exchanges. Since comparable
structural
information
can
be gathered
without
sodium-hydrogen
exchange,
precursors without sodium-hydrogen exchange should be targeted until He-CTD is
coupled to high-resolution mass spectrometry to differentiate the isobaric product ions.

Dedication

I dedicate this work to my parents, my sister Rachel, and my fiancé Clara Warner.

iv

Acknowledgements
Over the last five years, Dr. Glen P. Jackson has guided my development as a researcher and
as an individual. Dr. Jackson’s passion for the fundamentals and inner workings of mass
spectrometers has helped fuel that fire within me. I would like to express my appreciation for the
countless hours Dr. Jackson spent discussing the many troubleshooting issues encountered in the
lab which has helped me develop a valuable skill set and an insatiable thirst to know “why” and
“how” a mass spectrometer functions.
My academic journey began at the University of North Texas where a graduate student took
me under his wing and started my mass spectrometry education. He was patient with my neverending questions as I did everything I could to absorb as much knowledge from him. He helped
shape my graduate education and I consider him a close friend. Thank you, Dr. Phillip Mach.
I would also like to thank Dr. Jonathan Boyd, Dr. Justin Legleiter, Dr. Stephen J. Valentine,
Dr. Danyel Tacker and Dr. Suzanne Bell for their contributions over the course of my dissertation
development. Although Dr. Suzanne Bell was only present for the proposal portion of my
dissertation, she was still a contributing member to the successful completion of this work. I am
thankful for my committee members’ willingness to always be available to provide guidance or
assistance throughout the course of my dissertation.
I am also thankful for my fellow lab members in the Jackson Group who have assisted me over
the past five years, as well as my peers in the Chemistry Department. I cannot possibly list
everyone, but in short, the list includes: Dr. Pengfei Li, Dr. Mayara Matos, Dr. Tyler Davidson,
Halle Edwards, Praneeth Mario Mendis, Caitlyn Wensel, Alia Hacker, Alex Adeoye, Erica Maney
and Isabel Galvez.
I would like to acknowledge funding from the Eberly College of Arts and Sciences, the C.
Eugene Bennett Department of Chemistry and the National Science Foundation to which I’m
grateful for. The funding allowed me to collaborate with very skilled scientists including Dr. I.
Jonathan Amster and Dr. Lauren Pepi from the University of Georgia (UGA) and travel to France
to work with our collaborators Dr. David Ropartz and Dr. Hélène Rogniaux at the French National
Research Institute for Agriculture, Food and Environment (INRAE). During our visit to France,
Dr. Ropartz and Dr. Rogniaux welcomed us with open arms and made us feel at home. I would
also be remiss if I did not thank our collaborators from UGA and INRAE for the many samples
they donated to us which allowed my graduate research to be possible.
Most importantly, I would like to thank my parents, my sister Rachel and my fiancé Clara
Warner for their endless love and support throughout my education. Throughout my educational
experience the four of you have always provided the necessary guidance, support, and
unconditional love. You have been understanding of the time commitment and sacrifice required
for me to work towards my goals and I can’t thank you enough. I wouldn’t be here today without
the significant contributions of these four tremendous individuals.

v

Table of Contents

Abstract .......................................................................................................................................... ii
Dedication ..................................................................................................................................... iv
Acknowledgements ....................................................................................................................... v
Table of Contents ......................................................................................................................... vi
Table of Figures: ........................................................................................................................ viii
List of Tables: .............................................................................................................................. xii
List of Equations: ....................................................................................................................... xiii
List of Symbols/Abbreviations: ................................................................................................ xiv
Chapter 1: Introduction ............................................................................................................... 1
1.1 Collisional Activation ........................................................................................................... 2
1.2 Photoactivation ...................................................................................................................... 9
1.3 Electron/ion-based Activation ............................................................................................. 12
Chapter 2: Quantitative Assessment of Six Different Reagent Gases for Charge Transfer
Dissociation (CTD) of Biological Ions ....................................................................................... 18
2.1 Introduction ......................................................................................................................... 18
2.2 Experimental ....................................................................................................................... 21
Sample Preparation ....................................................................................................... 21
Instrumentation ............................................................................................................. 21
Method .......................................................................................................................... 22
2.3 Results and Discussion ........................................................................................................ 23
Bradykinin .................................................................................................................... 23
κ-Carrageenan dp4 ........................................................................................................ 36
2.4 Conclusions ......................................................................................................................... 47
Chapter 3: Charge Transfer Dissociation of a Branched Glycan with Alkali- and Alkaline
Earth Metal Adducts .................................................................................................................. 49
3.1 Introduction ......................................................................................................................... 49
3.2 Experimental ....................................................................................................................... 51
Sample Preparation ....................................................................................................... 51
vi

Instrumentation ............................................................................................................. 52
Method .......................................................................................................................... 52
3.3 Results/Discussion .............................................................................................................. 53
3.4 Conclusions ......................................................................................................................... 97
Chapter 4: The Influence of Na/H Exchange on the Charge Transfer Dissociation (CTD)
Spectra of Mannuronic Acid ...................................................................................................... 98
4.1 Introduction ......................................................................................................................... 98
4.2 Experimental ..................................................................................................................... 100
Sample Preparation ..................................................................................................... 100
Instrumentation ........................................................................................................... 101
Method ........................................................................................................................ 102
4.3 Results/Discussion ............................................................................................................ 103
4.4 Conclusions ....................................................................................................................... 132
Conclusions and Future Work ................................................................................................. 134
References .................................................................................................................................. 137
Curriculum vitae ....................................................................................................................... 151

vii

Table of Figures:
Figure 1.1 The three electrodes of a three-dimensional quadrupole ion trap. Reproduced from
[27] with permission. Copyright © 1997 John Wiley & Sons, Ltd. ............................................... 3
Figure 1.2 Original conceptual schematic of the triple quadrupole mass spectrometer. Reprinted
with permission from R. A. Yost, C. G. Enke: Triple Quadrupole Mass Spectrometry for Direct
Mixture Analysis and Structure Elucidation. Anal. Chem. 1979, 51 (12), 1251-1264
10.1021/ac50048a002‚. [32]. Copyright (1979) American Chemical Society. .............................. 5
Figure 1.3 Schematic of an FTICR mass spectrometer that can perform SORI-CID. Reproduced
from [36] with permission. Copyright © 2004 John Wiley & Sons, Ltd. ...................................... 6
Figure 1.4 Diagram of outcomes when a projectile ion collides with a self-assembled monolayer
surface. Reproduced from [41] with permission. Copyright © 1996 John Wiley & Sons, Ltd. .... 8
Figure 1.5 Schematic of IRMPD implemented on a a) three-dimensional QIT; Reproduced from
[58] with permission. Copyright © 2009 John Wiley & Sons, Ltd. b) an Orbitrap instrument.
Reprinted with permission from L. A. Vasicek, A. R. Ledvina, J. Shaw, J. Griep-Raming, M. S.
Westphall, J. J. Coon, J. S. Brodbelt: Implementing photodissociation in an Orbitrap mass
spectrometer. J. Am. Soc. Mass Spectrom. 2011, 22 (6), 1105-1108 10.1007/s13361-011-0119-7.
[59] Copyright (2011) American Chemical Society. .................................................................... 10
Figure 1.6 Energy diagram illustrating various fragmentation pathways that can be accessed by
collisional activation, absorption of infrared photons and an ultraviolet photon. M+ represents the
precursor ion and Fn+ represents the activation energies of different fragment ions. Republished
with permission of Royal Society of Chemistry from J. S. Brodbelt: Photodissociation mass
spectrometry: New tools for characterization of biological molecules. Chem. Soc. Rev. 2014, 43
(8), 2757-2783 10.1039/c3cs60444f. [51] permission conveyed through Copyright Clearance
Center, Inc. .................................................................................................................................... 11
Figure 1.7 Schematic of ECD in an ICR cell of a FTICR mass spectrometer. Republished with
permission of Royal Society of Chemistry from K. O. Zhurov, L. Fornelli, M. D. Wodrich, U. A.
Laskay, Y. O. Tsybin: Principles of electron capture and transfer dissociation mass spectrometry
applied to peptide and protein structure analysis. Chem. Soc. Rev. 2013, 42 (12), 5014-5030
10.1039/c3cs35477f. [86] permission conveyed through Copyright Clearance Center, Inc. ....... 13
Figure 1.8 Schematic of ETD on an ion trap instrument with variations for the introduction of
the reagent anion. Republished with permission of Royal Society of Chemistry from K. O.
Zhurov, L. Fornelli, M. D. Wodrich, U. A. Laskay, Y. O. Tsybin: Principles of electron capture
and transfer dissociation mass spectrometry applied to peptide and protein structure analysis.
Chem. Soc. Rev. 2013, 42 (12), 5014-5030 10.1039/c3cs35477f. [86] permission conveyed
through Copyright Clearance Center, Inc. .................................................................................... 14
Figure 2.1 Product ion mass spectra of bradykinin with insets of the product ion map for each
activation technique: a) LE-CID of [M+H]+ precursor at m/z 1060.4 with an excitation amplitude
of 0.9 arbitrary units; b) H2-CTD of [M+H]+ precursor at m/z 1060.4 with resonance ejection of
unreacted precursor ions at m/z 1060.4 before mass acquisition.................................................. 26

viii

Figure 2.2 Product ion mass spectra of bradykinin with insets of the product ion map for each
activation technique: a) He-CTD of [M+H]+ precursor at m/z 1060.4 with resonance ejection of
unreacted precursor ions at m/z 1060.4 before mass acquisition; b) O2-CTD of [M+H]+ under
identical conditions. ...................................................................................................................... 29
Figure 2.3 Product ion mass spectra of bradykinin with insets of the product ion map for each
activation technique: a) Lab air-CTD of [M+H]+ precursor at m/z 1060.4 with resonance ejection
of unreacted precursor ions at m/z 1060.4 before mass acquisition; b) N2-CTD of [M+H]+ under
identical conditions. ...................................................................................................................... 31
Figure 2.4 Ar-CTD of [M+H]+ precursor at m/z 1060.4 of bradykinin with resonance ejection of
unreacted precursor ions at m/z 1060.4 before mass acquisition and inset of product ion map. .. 32
Figure 2.5 Product ion maps for CTD of bradykinin using different reagent gases at the same
kinetic energy of 4.25 keV. ........................................................................................................... 33
Figure 2.6 CTD fragmentation efficiencies and CTnoD peak abundances for the fragmentation
of bradykinin using different CTD reagent gases. Error bars show the 95% confidence interval
for N=5 replicate experiments. ..................................................................................................... 35
Figure 2.7 Product ion mass spectra of κ-carrageenan dp4 with insets of the product ion map for
each activation technique: a) LE-CID of [M+IPRH]+ precursor at m/z 1136.4 with an excitation
amplitude of 0.7 arbitrary units; b) He-CTD of [M+IPRH]+ precursor at m/z 1136.4 with
resonance ejection of unreacted precursor ions at m/z 1136.4 before mass acquisition............... 38
Figure 2.8 Product ion mass spectra of κ-carrageenan dp4 with insets of the product ion map for
each activation technique: a) Lab air-CTD of [M+IPRH]+ precursor at m/z 1136.4 with resonance
ejection of unreacted precursor ions at m/z 1136.4 before mass acquisition; b) Ar-CTD of
[M+IPRH]+ under identical conditions; c) N2-CTD of [M+IPRH]+ under identical conditions; d)
O2-CTD of [M+IPRH]+ under identical conditions; e) H2-CTD of [M+IPRH]+ under identical
conditions. ..................................................................................................................................... 43
Figure 2.9 CTD reagent gas fragmentation efficiencies for κ-carrageenan dp4. Error bars show
the 95% confidence interval for N=5 replicate experiments. ....................................................... 46
Figure 3.1 Product ion mass spectra of XXXG with insets of the product ion map for each
activation technique: a) LE-CID of [M+2Na]2+ precursor at m/z 554.2 with an excitation
amplitude of 0.8 arbitrary units, a LMCO of m/z 220 and a precursor isolation with of 4 Da; b)
He-CTD of [M+2Na]2+ precursor at m/z 554.2 with an identical LMCO and isolation width as
the LE-CID spectrum. Dark blue arrows represent unambiguous identities; gold arrows represent
ambiguous identities caused by alternative isobaric product ions. Bold labels in the product ion
map represent singly charged product ions and nonbolded labels are doubly charged product
ions. ............................................................................................................................................... 55
Figure 3.2 Product ion mass spectra of XXXG with insets of the product ion map for each
activation technique: a) LE-CID of [M+Na]+ precursor at m/z 1085.0 with an excitation
amplitude of 0.8 arbitrary units, a LMCO of m/z 220 and a precursor isolation width of 3 Da; b)
He-CTD of [M+Na]+ precursor at m/z 1085.0 with a 5-V resonance ejection of unreacted
precursor ions at m/z 1085.0 between CTD activation and mass acquisition and an identical
ix

LMCO and isolation width as the LE-CID spectrum. Dark blue arrows represent unambiguous
identities; gold arrows represent ambiguous identities caused by alternative isobaric product ions.
Bold labels in the product ion map represent singly charged product ions and nonbolded labels
are doubly charged product ions. .................................................................................................. 61
Figure 3.3 Product ion maps for He-CTD of each metal adducted precursor of XXXG: a) HeCTD of [M+K+H]2+ precursor at m/z 551.0 with 5-V resonance ejection of unreacted precursor
ions at m/z 551.0 before mass acquisition; b) He-CTD of [M+K]+ precursor at m/z 1101.3; c) HeCTD of [M+2K]2+ precursor at m/z 570.1. Dark blue arrows represent unambiguous product ion
identities, whereas gold arrows represent ambiguous product ion identities due to alternative
isobaric product ions. Bold labels in the product ion map represent singly charged product ions
and nonbolded labels are doubly charged product ions. ............................................................... 68
Figure 3.4 He-CTD spectra of each metal adducted precursor of XXXG; a) He-CTD of
[M+K+H]2+ precursor at m/z 551.0 with resonance ejection of unreacted precursor ions at m/z
551.0 before mass acquisition at an amplitude of 5 V, a LMCO of m/z 250 and a precursor
isolation width of 3 Da; b) He-CTD of [M+K]+ precursor at m/z 1101.3 with a LMCO of m/z
220 and a precursor isolation width of 4 Da. ................................................................................ 69
Figure 3.5 Product ion mass spectra of XXXG with insets of the product ion map for each
activation technique: a) LE-CID of [M+2K]2+ precursor at m/z 570.1 with an excitation
amplitude of 0.8 arbitrary units, a LMCO of m/z 250 and a precursor isolation width of 4 Da; b)
He-CTD of [M+2K]2+ precursor at m/z 570.1 with an identical LMCO and precursor isolation
width as the LE-CID spectrum. Dark blue arrows represent unambiguous product ion identities
and gold arrows represent ambiguous product ion identities due to alternative isobaric product
ions. Bold labels in the product ion map represent singly charged product ions and nonbolded
labels are doubly charged product ions. ........................................................................................ 76
Figure 3.6 LE-CID spectra of each metal adducted precursor of XXXG; a) LE-CID of
[M+K+H]2+ precursor at m/z 551.0 with a LMCO of m/z 250 and a precursor isolation width of 3
Da; b) LE-CID of [M+K]+ precursor at m/z 1101.3 with a LMCO of m/z 220 and a precursor
isolation width of 4 Da. In the product ion maps, dark blue arrows represent unambiguous
product ion identities, whereas gold arrows represent ambiguous product ion identities due to
alternative isobaric product ions. Bold labels in the product ion map represent singly charged
product ions and nonbolded labels are doubly charged product ions. .......................................... 80
Figure 3.7 Product ion mass spectra of XXXG with insets of the product ion map for each
activation technique: a) LE-CID of [M+Mg]2+ precursor at m/z 543.0 with an excitation
amplitude of 0.8 arbitrary units, a LMCO of m/z 250 and a precursor isolation width of 4 Da; b)
He-CTD of [M+Mg]2+ precursor at m/z 543.2 with an identical LMCO and precursor isolation
width as the LE-CID spectrum. Dark blue arrows represent unambiguous product ion identities
and gold arrows represent ambiguous product ion identities due to alternative isobaric product
ions. Bold labels in the product ion map represent singly charged product ions and nonbolded
labels are doubly charged product ions. ........................................................................................ 82

x

Figure 3.8 Product ion mass spectra of XXXG with insets of the product ion map for each
activation technique: a) LE-CID of [M+Ca]2+ precursor at m/z 551.0 with an excitation
amplitude of 1.0 arbitrary units, a LMCO of m/z 220 and a precursor isolation width of 2 Da; b)
He-CTD of [M+Ca]2+ precursor at m/z 551.0 with resonance ejection of unreacted precursor ions
at m/z 551.0 before mass acquisition with an amplitude of 2 V and an identical LMCO and
isolation width as the LE-CID spectrum. In the product ion maps, dark blue arrows represent
unambiguous product ion identities, whereas gold arrows represent ambiguous product ion
identities due to alternative isobaric product ions. Bold labels in the product ion map represent
singly charged product ions and nonbolded labels are doubly charged product ions. .................. 91
Figure 4.1 He-CTD product ion mass spectra of MM DP6 with insets of the product ion map for
each precursor: a) He-CTD of [M+Na]+ precursor at m/z 1081.3; b) He-CTD of [M+2Na]2+
precursor at m/z 552.0. Dark blue arrows represent unambiguous product ion identities and gold
arrows represent ambiguous product ion identities due to alternative isobaric product ions. .... 106
Figure 4.2 He-CTD product ion mass spectra of MM DP6 with insets of the product ion map for
each precursor: a) He-CTD of [M+3Na-2H]+ precursor at m/z 1125.1; b) He-CTD of [M+3NaH]2+ precursor at m/z 563.0. Dark blue arrows represent unambiguous product ion identities and
gold arrows represent ambiguous product ion identities due to alternative isobaric product ions.
..................................................................................................................................................... 112
Figure 4.3 He-CTD spectra of [M+2Na-H]+ precursor at m/z 1103.1 of MM DP6 with inset of
the product ion map. In the product ion map dark blue arrows represent unambiguous product ion
identities, whereas gold arrows represent ambiguous product ion identities due to alternative
isobaric product ions. .................................................................................................................. 117
Figure 4.4 Product ion maps for He-CTD of each precursor of MM DP6: a) He-CTD of
[M+4Na-3H]+ precursor at m/z 1147.1; b) He-CTD of [M+5Na-3H]2+ precursor at m/z 585.0; c)
He-CTD of [M+6Na-4H]2+ precursor at m/z 596.0. Dark blue arrows represent unambiguous
product ion identities and gold arrows represent ambiguous product ion identities due to
alternative isobaric product ions. ................................................................................................ 122
Figure 4.5 He-CTD product ion mass spectra of MM DP6 for each precursor: a) He-CTD of
[M+4Na-3H]+ precursor at m/z 1147.1; b) He-CTD of [M+5Na-3H]2+ precursor at m/z 585.0; c)
He-CTD of [M+6Na-4H]2+ precursor at m/z 596.0. ................................................................... 124
Figure 4.6 Product ion maps for He-CTD of each precursor of MM DP6: a) He-CTD of
[M+2Na]2+ precursor at m/z 552.0; b) He-CTD of [M+5Na-3H]2+ precursor at m/z 585.0. Dark
blue arrows represent unambiguous product ion identities and gold arrows represent ambiguous
product ion identities due to alternative isobaric product ions. .................................................. 132

xi

List of Tables:
Table 1.1 Comparison of ion activation techniques discussed..................................................... 16
Table 2.1 Average signal-to-noise ratios of m/z 531.2 and m/z 736.4 from five replicate CTD
spectra of bradykinin. Uncertainties represent the 95% confidence interval of the means. ......... 32
Table 2.2 Pearson product-moment correlation (PPMC) values of the spectra collected with
different CTD reagent gases relative to He-CTD. ........................................................................ 43
Table 3.1 Product ion list of peaks observed in the He-CTD spectrum of [M+2Na]2+ at m/z 554.2
....................................................................................................................................................... 56
Table 3.2 Product ion list of peaks observed in the He-CTD spectrum of [M+Na]+ at m/z 1085.0
....................................................................................................................................................... 62
Table 3.3 Product ion list of peaks observed in the He-CTD spectrum of [M+K+H]2+ at m/z
551.0.............................................................................................................................................. 70
Table 3.4 Product ion list of peaks observed in the He-CTD spectrum of [M+K]+ at m/z 1101.3
....................................................................................................................................................... 74
Table 3.5 Product ion list of peaks observed in the He-CTD spectrum of [M+2K]2+ at m/z 570.1
....................................................................................................................................................... 77
Table 3.6 Product ion list of peaks observed in the LE-CID spectrum of [M+Mg]2+ at m/z 543.0
....................................................................................................................................................... 84
Table 3.7 Product ion list of peaks observed in the He-CTD spectrum of [M+Mg]2+ at m/z 543.2
....................................................................................................................................................... 87
Table 3.8 Product ion list of peaks observed in the LE-CID spectrum of [M+Ca]2+ at m/z 551.0
....................................................................................................................................................... 92
Table 3.9 Product ion list of peaks observed in the He-CTD spectrum of [M+Ca]2+ at m/z 551.0
....................................................................................................................................................... 95
Table 4.1 Product ion list of peaks observed in the He-CTD spectrum of [M+2Na]2+ at m/z 552.0
..................................................................................................................................................... 107
Table 4.2 Product ion list of peaks observed in the He-CTD spectrum of [M+Na]+ at m/z 1081.3
..................................................................................................................................................... 108
Table 4.3 Product ion list of peaks observed in the He-CTD spectrum of [M+3Na-2H]+ at m/z
1125.1.......................................................................................................................................... 113
Table 4.4 Product ion list of peaks observed in the He-CTD spectrum of [M+3Na-H]2+ at m/z
563.0............................................................................................................................................ 115
Table 4.5 Product ion list of peaks observed in the He-CTD spectrum of [M+2Na-H]+ at m/z
1103.1.......................................................................................................................................... 118
Table 4.6 Product ion list of peaks observed in the He-CTD spectrum of [M+4Na-3H]+ at m/z
1147.1.......................................................................................................................................... 125
Table 4.7 Product ion list of peaks observed in the He-CTD spectrum of [M+5Na-3H]2+ at m/z
585.0............................................................................................................................................ 127
Table 4.8 Product ion list of peaks observed in the He-CTD spectrum of [M+6Na-4H]2+ at m/z
596.0............................................................................................................................................ 129
xii

List of Equations:
Equation 1.1 [37] ............................................................................................................................ 6
Equation 1.2 [37] ............................................................................................................................ 6
Equation 1.3 [27]............................................................................................................................. 7

xiii

List of Symbols/Abbreviations:
AI-ETD - Activated-ion ETD
CID - Collision-induced dissociation
CTD - Charge transfer dissociation CTD-MS - Charge transfer dissociation mass spectrometry
CTnoD - Charge transfer no dissociation
Da – Dalton
DC - Direct current
DP4 - Degree of polymerization of four
DP6 - Degree of polymerization of six
ECD - Electron capture dissociation
EDD - Electron detachment dissociation
EED - Electron excitation dissociation
ESI - Electrospray ionization
ETD - Electron transfer dissociation
ExD - Electron activated dissociation
FRAGS - Free radical activated glycan sequencing reagent
FTICR - Fourier-transform ion cyclotron resonance
GD - Glow discharge source
GG - Polymeric guluronic acid regions
HCD - Higher-energy collisional dissociation
HOMO - Highest occupied molecular orbital
HPSEC - High pressure size exclusion chromatography
HRAM - High resolution accurate mass
HRMS - High-resolution mass spectrometry
xiv

ICR - Ion cyclotron resonance
IPR - Ion pair reagent IPR-RP-HPLC - Ion-pair reagent-reversed phase-HPLC
IRMPD - Infrared multiphoton dissociation
LE-CID - Low-energy CID
LIT - Linear ion trap
LMCO - Low mass cutoff
MAD-MS - Metastable atom activated dissociation mass spectrometry
MG - Alternating mannuronic and guluronic acid regions
MM - Polymeric mannuronic acid regions
MRI - Magnetic resonance imaging
MS/MS - Tandem mass spectrometry
MSn - Multi-stage fragmentation
m/z - mass to charge ratio
NSI - Nanospray ionization
nCI - Negative chemical ionization NETD - Negative electron transfer dissociation
NMR - Nuclear magnetic resonance
PPMCs - Pearson product-moment correlations
Q-IM-TOF – Quadrupole ion mobility time-of-flight
QIT - Quadrupole ion traps
QTOF- Quadrupole time-of-flight
R2 - Coefficient of correlation
RF – Radiofrequency
RRKM – Rice-Ramsperger-Kassel-Marcus
xv

SAM – Self-assembled monolayer
SORI-CID - Sustained off-resonance irradiation collision-induced dissociation
UHP - Ultra-high purity
UHPLC - Ultrahigh performance liquid chromatography
UVPD - Ultraviolet photodissociation
XUVPD - Extreme ultraviolet photodissociation

xvi

Chapter 1: Introduction
The humble origins of tandem mass spectrometry (MS/MS) are more than a century old
and date back to the seminal experiments conducted by Sir J. J. Thomson and F. W. Aston. These
experiments described the “beading” phenomenon on parabola mass spectra captured on a
photographic plate, which was eventually attributed to gaseous collisions that were responsible for
molecular dissociation—now commonly known as collision-induced dissociation (CID) [1-2].
Since these initial experiments, MS/MS is now thought of as the isolation or selection of a
precursor ion and the manipulation of the selected precursor by energy deposition or ion-molecule
reactions to generate product ions [3-6]. The field of MS/MS has grown exponentially since these
early experiments, and as of the mid-1990’s more than $1 billion/year is spent on the purchase of
mass spectrometers [7]. On the surface, MS/MS is thought to serve the singular purpose of
identifying the mass to charge ratio (m/z) of product ions, but MS/MS has developed into a
versatile technique that can generate diagnostic fragmentation patterns of drugs of abuse [8-9],
characterize the structure of biomolecules [10-13], perform mixture analysis [14] and determine
bond dissociation energies [15]. The capability of MS/MS to provide the constitutional
arrangement of atoms in a molecule is complementary to the accurate mass measurements of
analytes that lead to an elemental composition achieved by high-resolution mass spectrometry
(HRMS) [16]. Therefore, the combination of comprehensive fragmentation of an analyte from
MS/MS with the accurate mass measurements of HRMS can make a powerful tool that can be used
for numerous applications. The following sections will briefly cover the concepts and
fundamentals of collisional activation, photoactivation and electron/ion-based activation
techniques and their limitations which drive the need for alternative fragmentation techniques,
such as charge transfer dissociation (CTD).
1

1.1 Collisional activation
Because of their ease of implementation, their effectiveness for a wide range of ions and
their ubiquity on commercially available mass spectrometers, the most common MS/MS
techniques are collision-based fragmentation techniques such as CID and higher-energy CID
(HCD) [17-19]. Collision-based fragmentation techniques have been implemented on quadrupole
ion traps (QIT) [20-24], triple quadrupoles (QqQ) [25] and Fourier-transform ion cyclotron
resonance (FTICR) [26] mass spectrometers. The method of implementation of CID on different
mass spectrometers varies, but the process generally involves the acceleration of molecular ions
using radiofrequency (RF) or direct current (DC) electric fields into chemically unreactive gases
like the noble gases. The accelerated ions then collide with the neutral gas molecules, which is
typically helium, argon or nitrogen. During inelastic collisions between the accelerated ion and the
neutral gases, kinetic energy is converted to internal energy, which generally results in an increase
in the internal energy of the analyte ion and, ultimately, to fragmentation of the precursor analyte
ion into one or more product ion(s) [27].
Figure 1.1 shows the three main electrodes in a three-dimensional QIT. The two outer
electrodes are the endcaps and central electrode is called the ring electrode. During CID in the
QIT, the precursor ions are collisionally cooled in the center of the ring electrode using a relatively
low rf potential on the ring electrode. The ions are then typically stored at a fixed rf amplitude
while supplementary RF potential is applied to the endcap electrodes. The excitation waveform
can be applied in dipolar (both endcaps) or monopolar (one end cap) fashion. As the precursor ions
are accelerated away from the center of the ring electrode, they gain kinetic energy from the main
RF amplitude and collide with the neutral bath molecules, which are typically admitted to the trap
at a pressure of ~ 1 mTorr. Kinetic-to-internal energy transfer then causes bond dissociation to
occur [27-28] through well-described theories of unimolecular dissociation, like quazi2

equillibrium theory and Rice-Ramsperger-Kassel-Marcus (RRKM) theory [29-30]. CID
performed in an QIT has the added benefit of multi-stage fragmentation (MSn), wherein successive
fragmentation events can take place in the quadrupole ion trap since fragmentation follows a
tandem-in time setup [21]. Mass resolution, the ability to differentiate between two separate peaks
at approximately the same abundance with a valley of ~10% [31], can be a limiting factor to
performing CID in a 3-dimensional QIT because QITs are typically limited to the ability to
differentiate each mass from the next integer mass, unit mass resolution.

Figure 1.1 The three electrodes of a three-dimensional quadrupole ion trap. Reproduced from
[27] with permission. Copyright © 1997 John Wiley & Sons, Ltd.
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As shown in Figure 1.2, a triple quadrupole mass spectrometer contains three sets of
quadrupole rods, but only the first and third quadrupoles are operated in mass-selective mode.
There are six possible types of scan function in a triple quadrupole instrument, but the most
common is in product ion scan mode. In this mode, the first quadrupole mass filter (Q1) is set to a
fixed precursor ion m/z value while all the other ions do not maintain stable trajectories and collide
with the rods where they are neutralized. Once the selected precursor ions have made it past Q1,
they enter the second quadrupole, q2, which is operated in rf-only mode as a collision cell. The
precursor ions are accelerated from Q1 into the collision cell, which is enclosed in a partially sealed
tube that contains a neutral bath gas such as helium, nitrogen or argon that is kept at a constant
pressure of ~10-3 Torr. The accelerated precursor ions collide with the neutral bath gas and
dissociate to form product ions. The product ions are then passed to the third quadrupole (Q3),
which is also operated in mass selective mode. The product ions are then scanned out of Q3 in a
continuous, sequential manner for detection by the electron multiplier [25, 32-33]. By fixing the
mass of Q1 and scanning the mass of Q3, one obtains a product ion spectrum, which shows all the
product ions derived from a particular precursor.
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Figure 1.2 Original conceptual schematic of the triple quadrupole mass spectrometer. Reprinted
with permission from R. A. Yost, C. G. Enke: Triple Quadrupole Mass Spectrometry for Direct
Mixture Analysis and Structure Elucidation. Anal. Chem. 1979, 51 (12), 1251-1264
10.1021/ac50048a002‚. [32]. Copyright (1979) American Chemical Society.
As suggested above, there are many other ways to employ a triple quadrupole, including fixing Q3
and scanning Q1, which would provide a precursor ion scan of all the possible precursor m/z values
that produce a common m/z fragment.
In FTICR mass spectrometers, the most common form of CID is called sustained offresonance irradiation collision-induced dissociation (SORI-CID). In SORI-CID The precursor ions
are stored in the Penning ion trap, shown as the ion cyclotron resonance (ICR) trap in Figure 1.3.
During storage, a pulsed RF excitation waveform is applied to two plates positioned either side of
the stored ions. The frequency of the RF pulse is slightly off-resonance with the cyclotron motion
of the ions and causes the kinetic energy of the ions to oscillate more than non-excited ions. The
precursor ions undergo many acceleration and deceleration events over a time frame of typically
~1 second. During SORI, the ions gain translational energy and encounter multiple collisions with
a bath gas of argon, typically, which is leaked in to the ICR cell at around 10-6 – 10-7 Torr. During
collisions with the bath gas, translational energy is converted to internal energy and bond
dissociation occurs [17, 34-35]. However, due to the 1-second-long excitation times of SORI-CID,
it is not typically amenable to chromatographic time frames.
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Figure 1.3 Schematic of an FTICR mass spectrometer that can perform SORI-CID. Reproduced
from [36] with permission. Copyright © 2004 John Wiley & Sons, Ltd.
CID commonly occurs in a two-step process involving collisional activation followed by
unimolecular dissociation, which is shown in Equation 1.1 and Equation 1.2, respectively,
Q + mp+ + N → mp+* + N’

Equation 1.1 [37]

mp+* → ma+ + mb

Equation 1.2 [37]

where Q is the change in kinetic energy of the system, mp+ and N are the precursor ion and neutral
collision gas in their pre-collision states, respectively, and mp+* and N’ are the precursor ion and
neutral collision gas in their post-collision states, respectively [37]. In Equation 1.2, ma+ and mb
are two dissociation products from the precursor ion. This two-step process permits
rearrangements that are often visible in CID spectra. In the analysis of peptides, CID is often unable
to provide a full sequence coverage of the peptide backbone, and post-translational modifications
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(PTMs) such as nitration, sulfation and phosphorylation are often difficult or ambiguous to assign
because these labile PTMs are frequently lost during CID [38]. Another problem with CID in ion
trapping mass spectrometers is the limited mass range of the product ion spectra. The limited mass
range in ion traps originates from the requirement to balance effective trapping with the lowest
possible low mass cutoff (LMCO) value. In practice, this usually means setting the stability
parameter (qz) of an ion to approximately 0.3 so that the LMCO is approximately 1/3 of the mass
of the precursor ions, as shown by the relationship in Equation 1.3.

LMCO =

(𝑚⁄𝑧 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟) × (𝑞𝑧 )
0.908

Equation 1.3 [27]

Where, the qz variable is the trapping parameter of the precursor ion in the z direction and 0.908
is the maximum qz value in the mass-selective instability mode when az=0, or in rf-only trapping
mode. Product ions with m/z values less than 1/3 the m/z ratio of the precursor ion are therefore
not observable. In theory, lowering the qz value of the precursor during excitation will lower the
LMCO value and the ability to store product ions with smaller m/z values, but there exists an
inverse relationship between qz and trapping pseudo-potential well depth below qz~0.65, which
means that the competition between resonant ejection and resonant excitation favors resonance
ejection as the qz is reduced below ~0.25.
The development of HCD on ion trap platforms has alleviated the LMCO issue by
accelerating ions in the z-dimension of the ion trap, just like beam-type CID on a triple quadrupole
instrument. The fragmentation energy in HCD is in the axial dimension and is independent of the
trapping parameters, so the mass range is not limited by radial trapping potential [39].
Another form of collisional activation is surface-induced dissociation (SID), which
involves the high energy collision of an ion with a surface, as shown in Figure 1.4 [40]. The main
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processes that occurs during collision with a surface are dissociation, ion-molecule reactions and
chemical sputtering [41]. Traditionally the surfaces are specially-treated gold surfaces that are
coated with a self-assembled monolayer (SAM) such as fluorinated hydrocarbon. Fluorination
helps increase the effective center of mass collision energy of the surface to enable high energy
deposition to the molecular ion and reduce chemical sputtering [42-43]. One of the main benefits
of SID is that the activation event happens on a faster timescale compared to CID such that
activation is accomplished in a single collision as opposed to multiple low energy collisions in
CID [44]. SID typically generates similar product ions to CID for peptides, but in the analysis of
macromolecules such as protein complexes, SID can characterize protein quaternary structure and
generate protein subcomplexes that remain intact and provide information about the connectivity
between complexes [44]. SID has been implemented on triple quadrupoles [45], QITs [46] and
FTICR mass spectrometers [47-48], but recent progress in SID development has enabled the
activation technique to be accomplished on quadrupole ion mobility time-of-flight (Q-IM-TOF)
and Orbitrap platforms [49].

Figure 1.4 Diagram of outcomes when a projectile ion collides with a self-assembled
monolayer surface. Reproduced from [41] with permission. Copyright © 1996 John Wiley &
Sons, Ltd.
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1.2 Photoactivation
Photoactivation experiments were initially conducted in the late 1970s and have flourished
due to the improvement in laser technology [50]. The process of photoactivation involves the
generation of photons from a continuous or pulsed laser source and their subsequent absorption by
the precursor ions [51-55]. When a pulsed source is used, a waveform generator is typically
implemented to gate the photon beam to overlap with the precursor ions. Photoactivation
techniques are typically performed on ion trapping instruments to ensure optimal overlap between
the photons and the precursor ions. However, photoactivation techniques can be implemented on
beam-type mass spectrometers, known as “on the fly” photodissociation, but the timing
requirements of the laser pulse are stricter to ensure that the laser fires at the exact moment the
ions pass by the specified region [56].
Photoactivation techniques include infrared multiphoton dissociation (IRMPD) and
ultraviolet photodissociation (UVPD) and do not suffer from LMCO problems because activation
occurs from the absorption of photons instead of supplementary RF voltages [57]. Figure 1.5
shows the experimental setup for IRMPD on a 3-D QIT and an Orbitrap instrument. A continuouswave CO2 laser generates photons and a zinc selenide or quartz window is used to allow the
photons into the vacuum chamber[58]. Access holes are required in the ring electrode or endcap
electrode when implementing photoactivation techniques on a quadrupole ion trap but are not
required for a linear ion trap (LIT). The setup for UVPD is analogous to IRMPD, except for the
use of laser in the ultraviolet region as opposed to a CO2 laser at 10.6 µm.
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a)

b)

Figure 1.5 Schematic of IRMPD implemented on a a) three-dimensional QIT; Reproduced
from [58] with permission. Copyright © 2009 John Wiley & Sons, Ltd. b) an Orbitrap
instrument. Reprinted with permission from L. A. Vasicek, A. R. Ledvina, J. Shaw, J. GriepRaming, M. S. Westphall, J. J. Coon, J. S. Brodbelt: Implementing photodissociation in an
Orbitrap mass spectrometer. J. Am. Soc. Mass Spectrom. 2011, 22 (6), 1105-1108
10.1007/s13361-011-0119-7. [59] Copyright (2011) American Chemical Society.
IRMPD is characterized as a “slow heating” method, meaning that multiple photons need
to be absorbed for activation to occur, which therefore requires activation times on the order of
tens of milliseconds [17, 60]. A laser that has a power rating in the megawatt regime, or the use of
a chromophore such as a phosphate or phosphonate, can aid in the increased absorption of photons
compared to absorption levels at wavelengths of 355 nm or greater [58, 60]. IRMPD produces
similar MS/MS spectra to CID because both techniques involve relatively slow heating of
vibrational modes of the ions, so dissociation occurs through the lowest energy activation
pathways and the weakest bonds [60]. However, UVPD is a single photon excitation process that
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accesses electronic states and higher-energy vibrational states than CID and IRMPD, so UVPD
can access different fragmentation pathways as shown in Figure 1.6 [61]. Photodissociation in the
UV region often requires a chromophore, which requires chemical modification the analyte if the
analyte of does not contain a natural chromophore. The use of laser wavelengths below 193 nm
obviates the need for an external chromophore, but an additional vacuum coupling is required to
prevent photon absorption in air [62-65]. Recent progress in photoactivation techniques has
included the use of light emitting diodes for dissociation [66] and the passage of photons through
a fiber optic cable [67]. These recent developments reduce safety hazards of an exposed beam of
photons, which in the infrared region are not visible to the human eye.

Figure 1.6 Energy diagram illustrating various fragmentation pathways that can be accessed
by collisional activation, absorption of infrared photons and an ultraviolet photon. M+
represents the precursor ion and Fn+ represents the activation energies of different fragment
ions. Republished with permission of Royal Society of Chemistry from J. S. Brodbelt:
Photodissociation mass spectrometry: New tools for characterization of biological molecules.
Chem. Soc. Rev. 2014, 43 (8), 2757-2783 10.1039/c3cs60444f. [51] permission conveyed
through Copyright Clearance Center, Inc.
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1.3 Electron/ion-based activation
The use of electron/ion-based fragmentation techniques has advanced the field of MS/MS
by generating structurally informative spectra while retaining labile PTMs [68]. One of the most
common electron-based fragmentation techniques is electron capture dissociation (ECD), and
ECD is performed in the ultra-high vacuum of FTICR mass spectrometers [69]. Figure 1.7 shows
how the precursor ions are trapped in the ICR cell and then capture the <1-eV electrons generated
by the filament cathode. The capture of a low energy electron by a multiply charged cation
generates an odd-electron species and promotes radical driven fragmentation [70]. In addition to
accommodating ECD, the ICR cell in Figure 1.7 has also been modified to accommodate IRMPD.
ECD is thought to be a nonergodic technique because the weakest bonds are preserved; therefore
bond cleavage must occur before the internal energy is redistributed throughout the activated ion
[71].
A variation of ECD is hotECD, which is a similar process to ECD except that the free
electrons are at a kinetic energy of ~10 eV [72-73]. The benefit of hotECD is that the higher energy
electrons induce more comprehensive fragmentation and can generate side-chain losses for
peptides that enable the differentiation of isomeric amino acids [74-75]. The negative ion mode
complement of ECD is electron detachment dissociation (EDD). In EDD, multiply charged anions
are irradiated with ~15-20 eV electrons to result in electron detachment and a reduction in the
negative charge [76-77]. The Amster group has extensively demonstrated the success of EDD for
the analysis of glycosaminoglycans with the preservation of labile sulfate groups and widespread
cross-ring cleavage observed in the spectra [78-82]. ECD is typically restricted to FTICR
instruments, which can be more complex, costly, and difficult to maintain than instruments without
superconducting magnets [83]. However, some recent progress has been made in developing an
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electron activated dissociation (ExD) cell that can be implemented on benchtop instruments and
generate comparable fragmentation to ECD in an FTICR mass spectrometer [84-85].

Figure 1.7 Schematic of ECD in an ICR cell of a FTICR mass spectrometer. Republished with
permission of Royal Society of Chemistry from K. O. Zhurov, L. Fornelli, M. D. Wodrich, U.
A. Laskay, Y. O. Tsybin: Principles of electron capture and transfer dissociation mass
spectrometry applied to peptide and protein structure analysis. Chem. Soc. Rev. 2013, 42 (12),
5014-5030 10.1039/c3cs35477f. [86] permission conveyed through Copyright Clearance
Center, Inc.
Although ExD has been demonstrated on beam-type hybrid instruments, electron transfer
dissociation (ETD) is more commonly employed on simpler and more cost-effective
instrumentation like ion traps [87]. ETD is the ion-ion complement of ECD and uses a reagent
anion, such as fluoranthene, to transfer an electron to the stored precursor cation, as shown in
Figure 1.8. The reagent anion can be introduced through the front-end of the instrument with a
negative chemical ionization (nCI) source or glow discharge (GD) source, or from the back-end
of the instrument with a nCI source. Negative electron transfer dissociation (NETD) is the negative
mode version of ETD and is akin to ETD, except a reagent cation like Xe+ is used for electron
abstraction from the multiply charged analyte anion [88]. Investigation of alternative reagent
cations by the Coon group has yielded fluoranthene and sulfur pentafluoride as viable options, and
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sulfur pentafluoride is the preferred option because of its higher ionization energy and increased
number of sequence ions generated at the lower charge state precursor ions [89].

Figure 1.8 Schematic of ETD on an ion trap instrument with variations for the introduction of
the reagent anion. Republished with permission of Royal Society of Chemistry from K. O.
Zhurov, L. Fornelli, M. D. Wodrich, U. A. Laskay, Y. O. Tsybin: Principles of electron
capture and transfer dissociation mass spectrometry applied to peptide and protein structure
analysis. Chem. Soc. Rev. 2013, 42 (12), 5014-5030 10.1039/c3cs35477f. [86] permission
conveyed through Copyright Clearance Center, Inc.
During ETD, the formation of the non-dissociative electron transfer product, commonly
known as the charge-reduced species or ETnoD product ion, can be quite abundant and limit
product ion yields. In some cases, the covalent backbone of a peptide may be cleaved, but if
intramolecular noncovalent forces bind the newly formed product ions, especially those with low
charge densities, then they may be resistant to separating under normal conditions [90]. The
development of activated-ion ETD (AI-ETD) has alleviated this issue by providing a supplemental
activation energy through collisional activation or IRMPD to overcome the intramolecular
noncovalent forces and generate additional product ions [91]. Photoactivation can be performed
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concurrent to ETD, whereas collisional activation is performed subsequent to ETD and requires
an additional stage of activation, which can be detrimental when coupling AI-ETD to
chromatographic timescales. AI-ETD tends to offer greater fragmentation efficiency and better
sequence coverage relative to ETD [92].
Both ECD and ETD result in peptide backbone cleavage and better preservation of PTMs
than CID [86]. However, ETD and ECD require that the analyte be multiply charged, because the
charge state decreases by one for every captured electron; singly-charged precursor ions are
neutralized and are unobservable [93-95]. Table 1.1 briefly summarizes the ion activation
techniques discussed and highlights the need for a fragmentation technique that can be
implemented on benchtop instruments, successfully analyze singly charged analytes and provide
structurally informative product ion spectra complementary to other fragmentation techniques.
The development of CTD as a fragmentation technique that can be implemented on benchtop
instruments and analyze singly charged analytes has filled a gap in the MS/MS community, but
the fundamentals and possible mechanisms of the technique should be understood to effectively
implement the technique for a wide variety of applications.
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Table 1.1 Comparison of ion activation techniques discussed.
Activation
Method

Energy
Range

Ion Charge

Instruments

Description

CID

Low

+/-

QIT, LIT, QqQ,
FTICR, Orbitrap

SID

Low

+/-

QIT, QqQ, FTICR,
Collisions with ion and surface
Q-IM-TOF, Orbitrap at 1-100 eV

IRMPD

Low

+/-

QIT, LIT, Orbitrap,
FTICR

Absorption of multiple IR
photons slowly causes
dissociation of precursor ion

UVPD

High

+/-

QIT, LIT, Orbitrap,
FTICR

Absorption of single UV
photon accesses high energy
fragmentation pathways and
causes dissociation of
precursor ion

ETD

Low

≥2+

QIT, LIT, Orbitrap

Transfer of an electron from an
anion reagent to a cation and
prompts radical induced
dissociation

ECD

Low

≥2+

FTICR, QTOF,
Orbitrap

Capture of a low energy
electron ~1 eV prompts radical
induced dissociation

EDD

High

-

FTICR

Irradiation of anion species
with electrons at moderate
kinetic energy levels ~15-20
eV

NETD

Low

≤2-

QIT, LIT, Orbitrap

Transfer of electron from
anion to a cation reagent and
prompts radical induced
dissociation

Collision-induced dissociation
of precursor ions with inert
target gas at 1-100 eV
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MAD

High

+/≤2-

QIT, LIT

keV metastable atoms used to
excite electrons of precursor
ions and promote radical
induced dissociation

CTD

High

+/≤2-

QIT, LIT

keV reagent cations used to
excite electrons of precursor
ions and promote radical
induced dissociation
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Chapter 2: Quantitative Assessment of Six Different Reagent Gases for Charge Transfer
Dissociation (CTD) of Biological Ions
Reproduced in part with permission from Z.J. Sasiene, P.M. Mendis, G.P. Jackson, International
Journal of Mass Spectrometry, DOI: 10.1016/j.ijms.2021.116532.
2.1 Introduction
Mass spectrometry is an important tool in the field of biomolecule analysis and has recently
achieved a major milestone of detecting 10,000 proteins in only 100 minutes on a single instrument
[96]. High resolution accurate mass (HRAM) measurements, such as those made by orbitrap
instruments, have helped improve the confidence in identifying the product ions in tandem mass
spectra [97-99]: however, HRAM measurements of intact molecular ions only provides the
elemental formula and not the constitutional arrangement of the atoms. Tandem mass spectrometry
(MS/MS), and most commonly collision-induced dissociation (CID), helps provide the structural
information about selected precursors [19]. Most hybrid instruments rely on the use of 2D or 3D
quadrupole ion traps (QITs) to achieve collisional activation of selected precursors [6, 37, 100]
combined with faster scanning or higher-resolution mass spectrometers like time-of-flight and
Orbitrap mass analyzers, respectively, to acquire the resultant product ion spectra [17, 101-102].
In the analysis of biomolecules such as peptides, CID often cleaves the most labile bonds,
which, in addition to generating important amide cleavages, also produces peaks corresponding to
uninformative internal fragments and one or more neutral losses [18, 38, 103]. Another problem
in the development of CID in QITs is the limited mass range of the product ion spectra, which
originates from the requirements to effectively trap high mass precursor ions while co-storing low
mass product ions [20, 27-28]. In practice, the low mass cut off (LMCO) value is typically set to
approximately 1/3 of the mass of the precursor ion, so product ions below this threshold are
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generally not observable in product ion spectra. Attempts to overcome the LMCO limitations of
ion traps have included the use of pulsed DC potentials [104-105], performing CID during mass
acquisition [106-109] and applying short durations of high amplitude RF excitation before
subsequently lowering the trapping RF amplitude [110-111]. Others have overcome the limitations
of CID by developing entirely new methods of ion activation, including fragmentation using
electrons [69, 76], metastable atoms [112-115], ions [87-88, 116-118] photons [55-56, 58, 119]
and surfaces [40, 45, 48].
Charge transfer dissociation mass spectrometry (CTD-MS) [120-121] is a radical-driven
fragmentation technique that evolved from cation-cation reactions conducted by the groups of
Zubarev [116] and Schlathölter [117-118]. CTD performs similarly to extreme ultraviolet
photodissociation (XUVPD) [46-47], but is applicable on bench-top mass spectrometers and on
precursors in all charge states except -1 [120-123]. The modifications required to conduct CTDMS are similar to those described for metastable atom activated dissociation mass spectrometry
(MAD-MS) [112] and have been described in detail elsewhere [120-121]. In short, CTD uses a
saddle-field fast ion source placed above a pre-drilled 3D ion trap to enable pulses of
kiloelectronvolt reagent gas cations to enter the ion trap and activate the isolated precursors.
Kinetic energies in the range of 3-10 keV help overcome the cation-cation coulombic barrier and
provide practical fragmentation efficiencies above 5%. During CTD, precursor ions are not
kinetically excited, so, unlike CID, precursor ions can be held at qz values that enable product ions
to be collected that are significantly below the typical CID limit of 1/3 the mass of the precursor.
One major downside to CTD is that the LMCO does influence the background signal of CTD
spectra, and the chemical background seems to be dependent on side reactions of the CTD beam
with residual gases and vacuum pump oil [124].
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To date, CTD-MS has demonstrated some appealing capabilities in common with other high
energy activation techniques, including: 1) the production of cross-ring cleavages and the
preservation of labile modifications, such as sulfate groups in the analysis of oligosaccharides
[122, 125-126]; 2) the cleavage of disulfide linkages in the analysis of proteins [127]; 3) the
generation of side chain losses in the analysis of peptides, which can be helpful in the
differentiation of isomeric peptides [124]; 4) the localization of double bond positions in
phospholipids [128]; and 5) the differentiation of β-1,4- and β-1,3-linkage isomers in native
oligosaccharides [129].
One drawback of CTD-MS is the reliance on ultra-high-purity helium as a reagent gas,
especially given the ongoing helium shortage crisis [130-133]. Helium was recently placed on the
US critical minerals list, and US congress has met to discuss alternative options to technologies
that require helium [134-135]. High-priority uses of helium include magnetic resonance imaging
(MRI) in hospitals, nuclear magnetic resonance (NMR) instruments in chemistry facilities and
major particle accelerators etc., and it would be helpful if non-essential helium-dependent
techniques could be performed without the use of helium. In MAD-MS, the differences in the
internal energies and ionization energies of the metastable atoms of different noble gases had a
measurable impact on the product ion spectra [112-113, 115, 136]. For example, MAD-MS of
peptides and lipids using He metastable atoms consistently produced intact oxidized product ions
in addition to fragment ions; however, Ar metastable atoms typically did not produce intact
oxidized product ions. In contrast to MAD, the present study shows that the nature of the reagent
gas ions appears to have very little effect on the abundance and types of product ions formed in
CTD. These quantitative results are based on replicate measurements of a model peptide,
bradykinin, and of a sulfated oligosaccharide, κ-carrageenan, which has a degree of polymerization
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of four (dp4). Both analytes, but bradykinin in particular, have both been extensively characterized
using a variety of activation techniques [113, 123-125, 136-139].
2.2 Experimental
Sample Preparation
Bradykinin was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was used without
further purification. The bradykinin was prepared into a working solution of 100 ppm in
acetonitrile and water (1:1) with 1% acetic acid. The acetonitrile was Optima LC/MS grade
whereas the acetic acid was ACS reagent grade, and both were purchased from Fisher Scientific
(Fair Lawn, NJ, USA). The water was obtained from a Milli-Q purification system (Burlington,
MA, USA).
The κ-carrageenan dp4 oligosaccharide was produced at the CNRS-UPMC UMR 8227
research unit of the Station Biologique de Roscoff, France. κ-Carrageenans from Euchema
Cottonii (CPKelco) were degraded into oligosaccharides using the enzyme κ-carrageenase and
were then purified using size exclusion chromatography [125]. A working solution of κcarrageenan dp4 was then prepared at 100 ppm in water/heptylamine/methanol (25/25/50). HPLC
grade methanol was purchased from Fisher Scientific (Fair Lawn, NJ, USA) and the ion pair
reagent (IPR) heptylamine was purchased from Alfa Aesar (Ward Hill, MA, USA).
Instrumentation
All experiments were conducted on a modified Bruker amaZon 3D Ion Trap (Bruker
Daltonics, Bremen, Germany) [120] that was custom modified with a saddle-field fast ion source
(VSW/Atomtech, Macclesfield, UK) placed directly above a 2 mm hole in the ring electrode of a
3D ion trap. A variable leak valve controlled the amount of gas supplied to the CTD ion source,
which typically raised the pressure of the main vacuum chamber to ~1x10-5 mbar (uncorrected).
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The ion source was connected to an Ultravolt HVA series high voltage power supply (Advanced
Energy, Denver, CO, USA) that was pulsed from ground to high voltage with rise times as fast as
5 ns using a Behlke 101-03 switch (Behlke, Billerica, MA, USA). The ion source was triggered
by the TTL signal from the MS2 event of the Bruker amaZon and sent to an Agilent 33250A
arbitrary function generator (AFG) (Keysight Technologies, Santa Rosa, CA, USA), which
provided a delay and pulse width that was independently variable of the MS2 event in the software.
A DS1054 digital oscilloscope (Rigol, Beaverton, OR, USA) compared the trigger waveform from
the AFG with the scan function of the Bruker amaZon to ensure that the high voltage pulses
coincided with the desired storage period of the scan function.
Method
All experiments were conducted in positive polarity mode with the instrument operated in
manual MS/MS mode. Bradykinin was analyzed using the standard Apollo electrospray ionization
(ESI) source (Bruker, Billerica, MA, USA) with a flow rate of 5µL/min, a capillary voltage of 3500 V and a dry gas temperature of 220 °C. Precursor ions were isolated with an isolation window
of 4 Da and then activated by the reagent cation beam for a duration of 100 ms at a kinetic energy
of 5.1 keV and a flux of 5µA. Different reagent gases required slightly different flow rates to
achieve the constant flux and energy conditions. The LMCO was set to m/z 250 to aid in the
removal of ionized pump oil fragments, and product ions were stored for 250 ms after the 100 ms
reaction to reduce the abundance of background ions with m/z values below 300. The isolated
precursor abundance for bradykinin was kept constant at approximately 3x106 counts to permit the
quantitative comparison of fragmentation efficiencies between the different reagent gases. CTD
fragmentation efficiencies were calculated based on the sum of the product ion signal relative to
the abundance of precursor ion signal before CTD activation.
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Due to the limited sample volume, κ-carrageenan dp4 was analyzed using static nanospray
ionization (NSI) with Econo 12-N-pulled borosilicate emitters (New Objective, Woburn, MA,
USA). The capillary voltage was -1500 V and the dry gas temperature was 100 °C. The parameters
used for the isolation and activation of κ-carrageenan dp4 were the same as for bradykinin, except
that the kinetic energy and flux of the reagent cation beam were kept constant at approximately
4.25 keV and 0.5 µA, respectively, for the different reagent gases.
The different reagent gases were lab air, ultra-high purity (UHP) argon, UHP helium, UHP
hydrogen, UHP oxygen and UHP nitrogen, with the UHP gases purchased from Matheson Tri-Gas
(Fairmont, WV, USA). The UHP gases had a purity of 99.999%, except oxygen, which had a
purity of 99.98%. For the experiments with lab air, the gas line was simply disconnected, and the
leak valve sampled the laboratory air at ~1 atm. To prevent contamination between the different
gases, separate gas lines were employed for each gas, and the lines were both purged with the
reagent gas and evacuated for >10 min into the vacuum chamber at <1x10-5 mbar before backfilling
with the desired reagent gas. To reduce the negative effects of space charge on the product ion
spectra, unreacted precursor ions were resonantly ejected between CTD activation and mass
acquisition using 3 V for bradykinin and 1.5 V for κ-carrageenan dp4.
Bruker Compass Data Analysis 4.0 SP4 software was used for the data analysis. Microsoft
Excel version 14 (Microsoft, Redmond, WA, USA) and ChemDraw 16.0 (PerkinElmer, Waltham,
MA, USA) were used for mass spectral plots and chemical structures, respectively.
2.3 Results and Discussion
Bradykinin
Before comparing the different reagent gases for CTD, CTD was first contrasted with
traditional low-energy CID (LE-CID) on the same instrument. As an example, Figure 2.1 shows
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a comparison of the MS2 analysis of bradykinin with LE-CID and H2-CTD. The LE-CID spectrum
in Figure 2.1a contains many neutral losses, a few b and y ions and two z ions, which is typical
for CID of bradykinin [18]. In contrast, the H2-CTD spectrum in Figure 2.1b is considerably richer
and has a variety of product ions—such as a, b, c, x, and y product ions—that provide
comprehensive amino acid sequence information. As seen in Figure 2.1b, H2-CTD achieved
nearly full sequence coverage whereas LE-CID achieved only 56% sequence coverage. The neutral
losses observed in both product ion spectra correlate well with previous reports in which most of
the neutral losses were identified as side chain losses [124, 140-142]
Until the present study, CTD in our group has been performed exclusively using helium
cations because the high ionization energy of helium (24.6 eV) was thought to be necessary to
maximize the excess energy available to drive radical fragmentation of the precursor ions through
a resonance charge transfer (electron capture) mechanism. However, in related work, the
Schlathölter group has investigated electronic stopping and electron capture as two possible
mechanisms to explain the observations of fast cation-cation reactions [117-118]. Electronic
stopping refers to reactions in which the projectile ion induces electronic excitation of the target
ion through long-range ion-electron interactions, whereas electron capture involves the resonant
capture of electrons by the projectile from the highest occupied molecular orbital (HOMO) of the
target ion.
Schlathölter’s group found that for small peptides like bradykinin and for reagent cations in
the region of 3-10 keV—which overlaps with the energies in the present work—the observed
product ions were mostly immonium ions or side chain losses and were best explained by the
electron capture mechanism. However, they note that the amount of energy deposited during the
electron stopping mechanism increases—and therefore is likely to be more dominant—for targets
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that enable longer pathways through regions of higher electron density. Schlathölter’s group also
showed that the nature of the reagent gas had a very modest influence on the product ion spectra,
with He2+ and H+ tending to form some extra fragments above m/z 200 relative to He+. However,
in contrast to the present work, and for reasons that are not clearly evident, Schlathölter’s group
noted only a few fragments of low abundance above m/z 200 for various small peptides. Also, in
the present work, the low mass cutoff of m/z 250 reduces the contribution of chemical background
ions but prevents us from observing product ions below m/z 250. We therefore can’t easily compare
the full-range product ion spectra of our work with results from the Schlathölter group.
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Figure 2.1 Product ion mass spectra of bradykinin with insets of the product ion map for each
activation technique: a) LE-CID of [M+H]+ precursor at m/z 1060.4 with an excitation amplitude
of 0.9 arbitrary units; b) H2-CTD of [M+H]+ precursor at m/z 1060.4 with resonance ejection of
unreacted precursor ions at m/z 1060.4 before mass acquisition.
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In other work involving high energy collisions between [bradykinin+2H]2+ and He neutrals,
Nielsen et al. found that acceleration voltages up to 50 kV provided an abundance of a ions [143144]. They attributed the formation of these a ions to charge-remote fragmentation [143-144]. As
described previously, helium cations at ~5 keV produce a distribution of fragment types from the
2+ precursor of bradykinin, but a stronger contribution of a and x ions from the 1+ precursor
(Figure 2.1b) [51]. In agreement with Nielsen et al., we note that, in addition to abundant a and x
ions from the 1+ precursor of bradykinin, CTD tends to form y7” and y8” ions in preference to the
y7 and y8 ions observed in low energy CID (Figure 2.1a).
Although cleavage on the N-terminal side of proline residues is generally favored in the
formation of both the y- and y”-type ions, low-energy CID provides time for mobile protons to
drive charge-directed cleavages and form the y7 and y8 fragments. In contrast, the higher activation
energies in CTD and keV-CID tend to favor the charge-remote fragments, y7” and y8”. In related
work, Poulter et al. performed CID of [bradykinin+H]+ [145] at collision energies of ~6 keV and
also found an abundance of a ions and a preference for y7” and y8” ions over y7 and y8 ions. These
comparisons demonstrate the consistency of H2-CTD with other studies involving the integration
of gas-phase peptides with neutrals and ions in the range of 1-10 keV in the laboratory frame.
Figure 2.2 shows a comparison between He-CTD and O2-CTD of the 1+ precursor of
bradykinin. Upon cursory inspection, the spectra appear almost identical, with only minimal
differences apparent on closer inspection. Both spectra show neutral losses from the precursor that
are characteristic of radical-directed side chain losses. As described previously [124], the neutral
losses of 43, 44, 59, 60, 87, 99 and 100 Da are all characteristic of side chain losses from arginine
residues[140, 142, 146-147], and the loss of 91 Da is characteristic of a side chain loss from
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phenylalanine[141]. Many of these side chain losses were also observed as product ions by the
Schlathölter group [33-34].
One subtle difference between the He-CTD and O2-CTD spectra is that the improved signalto-noise ratio of the He-CTD spectrum enables the observation of a few additional product ions,
including the a7, b5, b6, x4, and z6’ product ions. However, only the a7 product ion provides new
sequence coverage relative to the other shared fragments. The increased abundance of the peaks
in He-CTD could be due to the differences in ionization energy between helium cations at 24.6 eV
and oxygen cations at 12.1 eV, which enables He cations to provide more energy for fragmentation
in via the charge-transfer mechanism. Another difference in the He-CTD and O2-CTD spectra is
the abundance of the CTnoD peak, [M+H]2+●, at m/z 531.3. This product ion is the simple charge
transfer product ion, and He-CTD provides a ~3x more abundant CTnoD peak compared to O2CTD. Again, the increased efficiency in the He-CTD spectrum is presumed to be related to the
~12-eV difference in ionization energy between the O2+ and He+ cations.
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Figure 2.2 Product ion mass spectra of bradykinin with insets of the product ion map for each
activation technique: a) He-CTD of [M+H]+ precursor at m/z 1060.4 with resonance ejection
of unreacted precursor ions at m/z 1060.4 before mass acquisition; b) O2-CTD of [M+H]+
under identical conditions.
Tandem mass spectra for the lab air-CTD, N2-CTD and Ar-CTD of bradykinin can be found
in Figure 2.3 and Figure 2.4. The spectra share major similarities in the overall pattern of peaks
that are formed. However, there are subtle differences in the overall signal-to-noise ratios, which
influences the ability to identify some of the less abundant product ions. Table 2.1 displays the
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average signal-to-noise ratio for m/z 531.3 and m/z 736.4 present in all the CTD spectra of
bradykinin. The abundance of the CTnoD peak is also notably different between the different
reagent gases. The use of chemically reactive gases like H2, O2 and N2 did not introduce any
observable covalent adducts, which indicates that chemical reactions between the fast reagent
cations and the pseudo-stationary analyte cations are exclusively electronic in nature, in agreement
with the theoretical considerations of the Schlathölter group [117-118].
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Figure 2.3 Product ion mass spectra of bradykinin with insets of the product ion map for each
activation technique: a) Lab air-CTD of [M+H]+ precursor at m/z 1060.4 with resonance
ejection of unreacted precursor ions at m/z 1060.4 before mass acquisition; b) N2-CTD of
[M+H]+ under identical conditions.
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Figure 2.4 Ar-CTD of [M+H]+ precursor at m/z 1060.4 of bradykinin with resonance ejection
of unreacted precursor ions at m/z 1060.4 before mass acquisition and inset of product ion
map.

Table 2.1 Average signal-to-noise ratios of m/z 531.2 and m/z 736.4 from five replicate CTD
spectra of bradykinin. Uncertainties represent the 95% confidence interval of the means.
CTD reagent gas
Ar
H2
He
Lab air
N2
O2

Average S/N of m/z 531.2
27 ± 12
46 ± 8
65 ± 32
28 ± 8
71 ± 22
30 ± 23

Average S/N of m/z 736.4
62 ± 22
100 ± 34
92 ± 29
92 ± 13
67 ± 12
69 ± 26

Figure 2.5 shows a comparison between the product ion maps for Ar-CTD, lab air-CTD, H2CTD, O2-CTD, He-CTD and N2-CTD. The product ion maps for each reagent gas are remarkably
similar, with near uniform sequence coverage for each gas and only slight differences in lessabundant product ions. The lab air-CTD and N2-CTD have identical product ion maps, with only
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minor differences in the ion abundances, which is understandable given that lab air contains ~78%
N2. The similar electron affinities of nitrogen, argon, hydrogen and oxygen at 15.6 eV, 15.8 eV,
15.4 eV and 12.1 eV, respectively, could explain the general consistency in the product ions
generated with these different reagent gases. However, given that the He-CTD is so similar to the
other gases, yet has a considerably larger ionization energy than the other gases at 24.6 eV,
indicates that the majority of the activation energy must derive from the kinetic energy of the ions.
The corollary is that the ionization energy has a very modest effect on the distribution of product
ions.

Figure 2.5 Product ion maps for CTD of bradykinin using different reagent gases at the same
kinetic energy of 4.25 keV.

33

To allow for quantitative comparisons of the fragmentation efficiencies between the different
reagent gases, the precursor ion abundance and the kinetic energy and flux of the reagent cations
were all kept constant for each reagent gas. The CTD efficiencies of each gas are plotted as a
function of ionization energy of the neutral gases in Figure 2.6a. Note that reagent gas ions were
not mass-selected from the ion gun, so we cannot exclude the possible contribution of atomic ions
in the ion beams of the molecular reagent gases. The error bars show the 95% confidence interval
based on five replicates of each reagent gas. Between each replicate, the reagent gas supply and
power supply to the ion gun were turned off before re-establishing the desired conditions.
The fragmentation efficiencies for each reagent gas were remarkably consistent between
11.5%-13.1%. Helium had the highest fragmentation efficiency of 13.1%. Approximately 75% of
the variance in the abundance of the fragmentation efficiency can be explained by the variance in
the ionization energy of the reagent gas, and the correlation was significant at the 99% confidence
interval.
Pairwise t-tests were performed between each of the gases, and helium was statistically
different from all the other gases, except argon, at the 95% confidence level. Ar-CTD was not
significantly different than He-CTD because it provided such a large variance in replicate CTD
efficiencies. The larger ionization energy of helium results in a higher fragmentation efficiency for
bradykinin compared to the other reagent gases. Even though there were other statistical
differences between the efficiencies of the different reagent gases (e.g. between H2 and O2), there
was little practical significance between the fragmentation efficiencies because the efficiencies
only differed at the most by 1.6%.
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Figure 2.6 CTD fragmentation efficiencies and CTnoD peak abundances for the fragmentation
of bradykinin using different CTD reagent gases. Error bars show the 95% confidence interval
for N=5 replicate experiments.
Figure 2.6b is a scatter plot of the abundance of the CTnoD peak for bradykinin verses the
ionization energy of the reagent gas. The ionization energies provided are for the neutral atoms
and molecules in the legend of Figure 2.6. As mentioned above, the reagent ion beam was not
mass filtered, so the exact identity and purity of the reagent ion beam cannot be conclusively
assigned for each reagent gas. According to the linear regression line in Figure 2.6b,
approximately 75% of the variance in the abundance of the CTnoD peak can be explained by the
variance in the ionization energy of the reagent gas, and although the slopes are shallow, the
correlation was significant at the 99% confidence interval. As might be apparent in Figure 1.6a
and Figure 1.6b, the abundance of the CTnoD peak also showed a significant correlation with the
fragmentation efficiency, with a coefficient of correlation (R2) of 0.73 (plot not shown). These
results indicate that the abundance of the CTnoD oxidation product, [M+H]2+•, correlates strongly
with the CTD efficiency and is therefore a likely intermediate in the fragmentation pathway to
other product ions.
Helium has the highest ionization energy of the reagent gases studied, and because it provides
the highest efficiencies—albeit by a half a percent—the electron capture mechanism must play a
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small, but statistically significant, role in the ionization and fragmentation of the peptide. Despite
this finding, the trivial differences in: 1) sequence coverage, 2) background contaminant levels, 3)
CTnoD product ion abundance, and 4) fragmentation efficiencies of the different reagent gases,
any of the alternative reagent gases—including lab air and nitrogen—can be considered as possible
alternatives for the analysis of small peptides like bradykinin. This finding is not necessarily a
recommendation, however, because certain electrical components, like the electron multiplier,
may be sensitive to moisture and oxygen in the different reagent gases.
κ-Carrageenan dp4
The κ-carrageenan oligosaccharide selected for this work has a degree of polymerization of
four (dp4) and is composed of alternating anhydro-D-galactose and sulfated D-galactose
monomers with O-sulfation present at the 2nd and 4th monomer. Figure 2.7 shows a comparison of
LE-CID and He-CTD of the [M+IPRH]+ precursor at m/z 1136.4, where IPRH is the protonated
ion pair reagent heptylamine. The IPR was added to simulate the types of ions formed during ionpair reagent-reversed phase-HPLC (IPR-RP-HPLC) [47].
The LE-CID spectrum of κ-carrageenan dp4 (Figure 2.7a) generated a few glycosidic
cleavages and many neutral losses from the precursor, including [M+IPRH-H2O], [M+IPRH-SO3]
and [M+IPRH-IPR] (i.e. [M+H]). The LE-CID spectrum contained no cross-ring cleavages, and
the information acquired from the LE-CID spectrum was therefore insufficient to localize the
sulfate groups or even determine which monomer contained the sulfate groups. In contrast to the
LE-CID spectrum, the He-CTD spectrum displays extensive fragmentation, including glycosidic
and cross-ring cleavages, which localized the sulfate groups to the second and fourth sugars. The
Z3 and B2 product ions were able to localize one sulfate to the D-galactose unit on the nonreducing
end, and the Z1 product ion localized another sulfate group to the D-galactose unit closest to the
reducing end. The

0,2

A4 and the

1,4

A4 product ions narrowed the location of the sulfate group to
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either the C3 or C4 position on the sulfated D-galactose monomer on the reducing end, and given
that κ-carrageenans typically only have sulfate groups on the C2, C4 or C6 positions [148-149],
the second sulfate group can confidently be assigned to the C4 position.
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Figure 2.7 Product ion mass spectra of κ-carrageenan dp4 with insets of the product ion map
for each activation technique: a) LE-CID of [M+IPRH]+ precursor at m/z 1136.4 with an
excitation amplitude of 0.7 arbitrary units; b) He-CTD of [M+IPRH]+ precursor at m/z 1136.4
with resonance ejection of unreacted precursor ions at m/z 1136.4 before mass acquisition.
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For the sulfated D-galactose on the second Gal unit, the 2,5A2 product ion in the various CTD
spectra of Figure 2.7b and Figure 2.8 indicates that the sulfate is located at the C3, C4, C5 or C6
position. Due to the aforementioned sulfate patterns in κ-carrageenans, the sulfate position can be
restricted to the C4 or C6 position but cannot be definitively assigned to either position within the
second residue.
Figure 2.8a shows a product ion spectrum of κ-carrageenan dp4 that was fragmented using
lab air-CTD. The spectrum is almost indistinguishable from the He-CTD spectrum in Figure 2.7b.
The same glycosidic and cross-ring fragments that are present in the He-CTD spectrum are also
present in the lab air-CTD spectrum and both provide the same level of specificity for locating the
sulfate positions. For the He-CTD and lab air-CTD spectra, the anhydro-D-galactose monomers
only have 0,2Xn, 1,5Xn, 0,2An and 1,5An cross-ring cleavages because the anhydro bridge prevents the
observation of cleavage products within the 3,6 anhydro bridge. The anhydro bridge would require
two covalent bond cleavages within the ring to enable the fragments to separate with measurable
results. The types of ions and abundances of ions for He-CTD and lab air-CTD are also practically
consistent with the Ar-CTD, N2-CTD, O2-CTD and H2-CTD product ion spectra of κ-carrageenan
dp4 in Figure 2.8b-2.8e. For example, the spectral similarities between spectra collected with the
different CTD reagent gases relative to He-CTD were quantified using Pearson product-moment
correlations (PPMCs). The PPMC values provided in
Table 2.2 range from 0.9832 for lab air-CTD to 0.9924 for N2-CTD.
Similar to the bradykinin results in Figure 2.6, the efficiencies for the CTD fragmentation of
κ-carrageenan dp4 in Figure 2.9 show generally consistent CTD efficiencies among the different
reagent gases. The fragmentation efficiencies range from approximately 7%-8%, with lab air-CTD
providing the highest fragmentation efficiency of 8.1%, which is significantly different than the
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other gases (t-test, P<0.05). Unlike the bradykinin results in Figure 2.6, the variance in the
fragmentation efficiency is not explained by the variance in ionization energy of the reagent gases,
and the CTnoD peak is always absent in the κ-carrageenan spectra. One possible explanation for
the differences in behavior between bradykinin and κ-carrageenan results could be that the
ionization energy for bradykinin (i.e. [M+H]+ → [M+H]2+• + e-) is larger than κ-carrageenan dp4.
The larger ionization energy of bradykinin would cause more energy to be expended in the
formation of the CTnoD peak, with less energy available for fragmentation. The general reduction
in excess energy would provide a greater dependence on the recombination energy available from
the reagent gases because some reagent ions would be able to overcome certain activation
thresholds and others would not.

40

a)

1136.4
Lab air-CTD
1136.4 Res. Ej.

b)

1136.4
Ar-CTD
1136.4 Res. Ej.

41

c)

1136.4
N2-CTD
1136.4 Res. Ej.

d)

1136.4
O2-CTD
1136.4 Res. Ej.

42

1136.4
H2-CTD
1136.4 Res. Ej.
e)

Figure 2.8 Product ion mass spectra of κ-carrageenan dp4 with insets of the product ion map for
each activation technique: a) Lab air-CTD of [M+IPRH]+ precursor at m/z 1136.4 with resonance
ejection of unreacted precursor ions at m/z 1136.4 before mass acquisition; b) Ar-CTD of
[M+IPRH]+ under identical conditions; c) N2-CTD of [M+IPRH]+ under identical conditions; d)
O2-CTD of [M+IPRH]+ under identical conditions; e) H2-CTD of [M+IPRH]+ under identical
conditions.

Table 2.2 Pearson product-moment correlation (PPMC) values of the spectra collected with
different CTD reagent gases relative to He-CTD.
Ar-CTD
0.9923

H2-CTD
0.9862

Lab air-CTD
0.9832

N2-CTD
0.9924

O2-CTD
0.9864

An alternative explanation for the differences in efficiency trends between the peptide and the
oligosaccharide could be that there are stronger noncovalent forces in the higher order gas-phase
structure of bradykinin, such as salt bridges between the arginine residues and the internal carbonyl
groups [150], which form a more compact structure and enable the peptide fragments to stay
together after the covalent bonds of the backbone are cleaved. However, the most likely
explanation is provided by the Schlathölter group in their description of the electron stopping
mechanism [117-118].
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Schlathölter’s group describe that when charged projectiles with kinetic energies in the
kiloelectronvolt range pass through regions of high electron density in a target, the activation
energy associated with electronic stopping can exceed 100 eV. The structure of κ-carrageenan dp4
has more electron-dense regions than bradykinin because of the numerous OH and sulfate groups.
The excess energy afforded by the electron-rich sulfate groups of κ-carrageenan dp4 readily
surpasses the energy required to form the CTnoD ion, and this excess energy increases the
probability of fragmentation. Because all the reagent ions can activate the biological ions through
the electron stopping mechanism, and because this pathway is more dominant than the charge
transfer pathway for κ-carrageenan, the fragmentation efficiency of κ-carrageenan is less
dependent on the ionization energy of the reagent gas, hence the horizontal trend line in Figure
2.9.
Previously collected He-CTD data indicates that oligosaccharides that lack high electron
dense regions are more inclined to provide a CTnoD peak [122], both because the ionization
potential of the target ion becomes higher—so there is less excess energy for fragmentation—and
because the charge transfer mechanism becomes more prominent as the electron density decreases.
As described above, non-covalent internal bonds—like salt bridges and hydrogen bonds—may
also cause some structures to stay intact as a CTnoD product after the backbone is cleaved.
Pairwise t-tests were also performed to determine any significant differences in the
fragmentation efficiencies of the different reagent gases for κ-carrageenan. Although lab air-CTD
was significantly different than all of the other reagent gases at the 95% confidence interval, the
efficiencies are not meaningfully different because the efficiencies are all within 1% of one
another. The general lack of significant difference in the CTD efficiencies of κ-carrageenan with
the different reagent gases implies that the energy of activation is dominated less by the charge
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transfer mechanism and more by the kinetic energy of the reagent cations and the timescale of
interaction. The apparent dominance of the electron stopping mechanism for κ-carrageenan
therefore limits the contribution of resonant energy transfer between the reagent cations and
electronic energy levels of the reactants [117-118].
As mentioned before, the propensity for the electron stopping mechanism is expected to be
enhanced for target ions that are larger and/or with regions of high electron density, which
presumably explains the two-electron oxidation process observed for the small protein, insulin
[50]. Double oxidation was not observed here for κ-carrageenan. Based on the observations in the
present work, we predict that the nature of the reagent gas would have little effect on the efficiency
of the double oxidation mechanism of insulin because the mechanism of energy transfer should be
dominated by the electron stopping mechanism, which deposits significantly more energy to the
target ions than the charge transfer mechanism.
Previous studies involving He-CTD of carrageenans and porphyrans in negative ion mode
have shown fragmentation efficiencies as high as 12% for iota-carrageenan dp4 in the 4- charge
state [48], which is consistent with the theory that electron dense targets can gain more activation
energy. However, it is unwise to infer too much about the mechanism of energy deposition by
comparing the fragmentation efficiencies of different sugars with the same reagent gas because the
location of the sulfate groups on the sugars can help direct specific back-bone cleavages [48] and
therefore influence the fragmentation efficiencies.
Regarding the prospects for future studies and the importance of different reagent gas
conditions, evidence from the Schlathölter group suggests that changes in the kinetic energy of the
reagent ion beam within the range of 5-10 keV will have a negligible effect on both the energy
deposited during activation and the distribution of products ions, but the velocity of the reagent
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ion beam scales linearly with energy deposited during activation [117-118], so the efficiency is
expected to increase modestly with kinetic energy. The efficiency is also expected to increase with
ion flux, but an increased ion flux can also cause elevated background signals, so the signal to
noise ratio will not always improve with an increased reagent ion flux. In our hands, we have found
that CTD reaction times in the range of 30-100 ms generally provide the best signal-to-noise ratios
for product ion spectra, even though the CTD efficiencies are not necessarily maximized at these
short reaction times. Methods to reduce the chemical background would enable higher reagent ion
fluxes or longer reaction times, both of which would enhance the signal to noise ratios of CTD
spectra.

Figure 2.9 CTD reagent gas fragmentation efficiencies for κ-carrageenan dp4. Error bars show
the 95% confidence interval for N=5 replicate experiments.
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2.4 Conclusions
This work explored a variety of reagent gases for CTD-MS to determine if a more costeffective and readily accessible substitute to helium could be found for the analysis of peptides
and oligosaccharides. The two metrics of concern were the fragmentation efficiency and the level
of structural information made available by the distribution of product ions. A direct comparison
between reagent gases was performed by keeping constant the precursor ion abundance, the
reagent ion kinetic energy and the reagent ion flux for two well-characterized biological molecules.
The reagent gases studied included H2, He, N2, O2, lab air and Ar. For bradykinin 1+, there were
minimal differences in the types and relative abundances of product ions formed between the six
different reagent gases, so the sequence coverage was quite independent of the reagent gas. The
six studied reagent gases for CTD outperformed LE-CID for sequence coverage. Regarding
efficiencies of fragmentation, LE-CID was considerably more efficient than all the CTD spectra,
and fragmentation efficiencies for CTD ranged from 11-13%. Within this tight range, the CTnoD
peak abundance and the CTD efficiency for bradykinin correlated strongly with the ionization
energy of the reagent gas. However, the shallow slopes indicate that resonant charge transfer from
the peptide ion’s highest occupied molecular orbital (HOMO) to the reagent cation’s lowest
unoccupied orbital is a minor contributor to the overall population of activated peptide ions.
Instead, the majority of the peptide ions are activated by the electron stopping mechanism, wherein
electron excitation in the peptide ion is induced by long range coupling of electron–hole pairs.
The analysis of κ-carrageenan dp4 1+ did not reveal any practical differences in the abundance
or types of ions generated with the six different reagent gases, and each reagent gas localized the
sulfate groups with similar accuracy. The CTD efficiencies for all six gases was in the range of
7.3-8.1%. Although LE-CID was an order of magnitude more efficient than CTD, very little
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structural information could be gleaned from the LE-CID spectrum of κ-carrageenan dp4. Unlike
bradykinin, the CTD fragmentation efficiencies of the highly sulfated κ-carrageenan dp4 do not
correlate with the ionization energy of the reagent gas, so resonant charge transfer contributes less
to the activation of this larger, electron-rich target ion than for bradykinin. Assuming these two
model compounds are reasonably representative of their biological classes, structural
characterization of peptides and oligosaccharides by CTD-MS can be performed with any of the
six tested reagent gases, including nitrogen and lab air, without sacrificing the sequence coverage
or fragmentation efficiency. None of the reagent gases showed any evidence of covalent bonding
between the reagent gases and any of the product ions. Generally speaking, lab air, nitrogen,
oxygen and hydrogen are less expensive than helium and argon, so have an obvious advantage. If
one chooses to use lab air or oxygen as reagent gases, care should be taken to ensure that the
potential reactivity of these gases do not deleteriously impact the chemical background signal or
sensitive components in the vacuum chamber. Because of its flammability, gas lines should be
inspected to ensure that there are no leaks when using hydrogen.
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Chapter 3: Charge Transfer Dissociation of a Branched Glycan with Alkali- and Alkaline
Earth Metal Adducts
Submitted to the Journal of Mass Spectrometry
3.1 Introduction
Glycosylation is one of the most diverse post translational modifications (PTMs), and in
2013 alone, a new glycosylation disorder was reported every 17 days [151-152]. More recently,
N- and O-linked glycans were found to be bound to portions of the SARS-CoV-2 spike protein,
which is responsible for the binding of the virus to human cells [153]. Despite the importance of
their structural characterization, glycan characterization is complicated by the heterogeneity
associated with their non-template driven synthesis [154]. Other factors that complicate their
structural characterization include the monomeric composition, the branching patterns, the
possibility of linkage isomers and the type of adducts that are formed. Due to the vast complexity
of glycan samples, scientists continue to seek new tools and methods to effectively characterize
glycan mixtures.
Tandem mass spectrometry has become a valuable asset in the analysis of biomolecules and
has been successful in the analysis of glycans. ‘Slow’ heating techniques such as low-energy
collision-induced dissociation (LE-CID) and infrared multiphoton dissociation (IRMPD) have had
success in identifying the monomeric composition of glycans, by generating glycosidic cleavages,
but the lack of cross-ring cleavages means that CID and IRMPD struggle to differentiate linkage
isomers and localize PTMs [155-156]. One approach to overcoming the lack of cross-ring
cleavages is to use metal adducts to help generate cross-ring cleavages and identify the type of
linkage between glycan residues. Towards this end, multiple groups have demonstrated that the
addition of sodium and lithium cation adducts to glycans can generate cross-ring cleavages with
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CID [157-160] and IRMPD [161-162]. The Leary group has shown that CID of divalent cation
adducts of glycans, such as magnesium and calcium, generate more structurally informative
fragments than lithium adducts for the linkage analysis of branched glycans [163]. Other studies
from the Leary group have expanded the use of metal cations coordinated with glycans to transition
metals; they show that CID of cobalt 2+ adducts generated unique fragmentation pathways that
aided in the differentiation of linkage isomers of linear and branched glycans, whereas zinc 2+ and
copper 2+ coordinated species did not generate useful product ions [164-165]. The addition of
alkali metal adducts also tends to reduce the number of rearrangements that typically occur in CID
of glycans [156, 166].
Alternative fragmentation techniques such as ultraviolet photodissociation (UVPD) [167],
high-energy CID [168-169], electron transfer dissociation (ETD) [170-171], electron capture
dissociation (ECD) [172], free radical activated glycan sequencing reagent (FRAGS) [173],
electron detachment dissociation (EDD) [80, 82] and negative electron transfer dissociation
(NETD) [174-175] have also had success in generating cross-ring cleavages in glycan analyses.
These techniques have had varying degrees of success, but they do have some drawbacks. For
example, high-energy CID tends to generate internal cleavages , which significantly complicates
any spectral interpretations[176]. Techniques like ETD, ECD, EDD, and NETD require multiply
charged precursor ions, which may not be applicable to certain classes of glycans, like highly
acidic, sulfated glycans.
Building on the fast ion/ion reactions of Zubarev’s group and Schlathölter’s group [116118], the Jackson lab developed a novel fragmentation technique called helium charge transfer
dissociation (He-CTD) [120-121]. He-CTD has shown promising results for lipids [128], peptides
[124], proteins [127] and oligosaccharides[122, 125-126, 129, 177-179]. He-CTD has
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demonstrated comparable results to XUVPD for the analysis of oligosaccharides[122] and has
been demonstrated to preserve labile modifications like sulfate groups [126, 178]. Recently, HeCTD differentiated isomers in a mixture of pectin oligogalacturonans eluting from an ultrahigh
performance liquid chromatography (UHPLC) system [179]. He-CTD has also identified linkage
patterns in -1,4- and -1,3-linked oligosaccharides [129]. Until now, He-CTD has not been used
to analyze divalent metal adducted glycans or branched glycans; therefore, the goals of this project
were to examine how He-CTD would perform on various metalated species of a branched
xyloglucan, XXXG, and how the fragmentation patterns compare to a traditional fragmentation
technique like CID.
3.2 Experimental
Sample Preparation
The XXXG xyloglucan was purchased from Megazyme (Bray, Ireland) and was used
without further purification. The precursors [M+K]+, [M+Na]+, [M+2K]2+, [M+Mg]2+, [M+Ca]2+,
[M+2Na]2+ and [M+K+H]2+ of the xyloglucan were fragmented using both CTD and CID. The
[M+Na]+, [M+2Na]2+, [M+K]+ and [M+2K]2+ precursors were generated with using either 500 µM
of NaCl or 500 µM KCl, respectively, whereas the [M+Mg]2+ precursor was generated using 10
mM MgCl2. The [M+Ca]2+ precursor was generated using 1 mM CaCl2. The [M+K+H]2+ precursor
was generated with the naturally occurring potassium in the XXXG xyloglucan standard and did
not require the addition of a potassium salt solution. Salt concentrations were not optimized in any
way, but arbitrarily selected to provide a wide variety of adducts and charge states. The XXXG
xyloglucan standard was prepared at 0.01 mM for all solutions except the MgCl2 solution, which
had a concentration of 0.03 mM of XXXG. All working solutions were prepared in methanol and
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water (1:1). The methanol was HPLC grade (Carlo-Erba) and the ultrapure water was obtained
from a Milli-Q purification system (Millipore).
Instrumentation
All experiments were conducted on a modified Bruker amaZon SL 3D Ion Trap (Bruker
Daltonics, Bremen, GER) [124, 129]that was custom modified with a saddle-field fast ion source
(VSW/Atomtech, Oxfordshire, UK) placed directly above a 4 mm hole in the ring electrode of the
3D ion trap. A variable leak valve controlled the amount of helium supplied to the CTD ion source,
which typically raised the pressure of the main vacuum chamber to ~1.2x10-5 mbar (uncorrected).
The ion source was connected to a VSW Atomtech 800 series high voltage power supply (Oxford
Applied Research, Oxfordshire, UK) that was pulsed from ground to high voltage with rise times
as fast as 5 ns using a Behlke 101-03 switch (Behlke, Billerica, MA, USA). The ion source was
triggered by the TTL signal from the MS2 event of the Bruker amaZon and sent to a Keysight
33600 A series waveform generator (Keysight Technologies, Santa Rosa, CA, USA), which
provided a delay and pulse width that was independently variable of the MS2 event in the software.
A RTB 2002 digital oscilloscope (Rohde and Schwarz, Munich, GER) compared the trigger
waveform from the AFG with the scan function of the Bruker amaZon to ensure that the high
voltage pulses coincided with the desired storage period of the scan function.
Method
All experiments were conducted in positive polarity and with the instrument operated in
manual MS/MS mode. The XXXG xyloglucan was analyzed using the standard Apollo
electrospray ionization (ESI) source (Bruker Daltonics, Bremen, GER) with a flow rate of 5
µL/min, a capillary voltage of -4500 V, a dry gas temperature of 180 °C and a dry gas flow rate of
2 L/min. The nebulizing gas was set to a pressure of 2.5 psi. Precursor ions were activated by the
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helium reagent cation beam for a duration of 171 ms at a kinetic energy of 5.1 keV. The precursor
isolation width and low-mass cutoff (LMCO) values during CTD are labeled with each mass
spectrum. In general, LMCO values above 200 Da assist in the reduction of chemical background
signals from residual gases and pump oil components. Product ions were stored for 9 ms after the
171 ms reaction to reduce the abundance of background ions. To reduce the negative effects of
space charge on some of the product ion spectra, unreacted precursor ions were often resonantly
ejected with a 5 V ejection amplitude after CTD activation and before mass acquisition. For the
[M+Ca]2+ precursor, the ejection amplitude was 2 V. To ensure that no CID was taking place
during resonance ejection, all parts of the experiment were exactly replicated with the exception
of the CTD pulse. Under these negative control conditions, the precursor ion abundance was
unaffected at the end of 200 ms of storage, and resonance ejection resulted in complete attenuation
of the precursor signal and a negligible abundance of CID product ions.
Bruker Compass Data Analysis 4.0 SP4 software was used for the data analysis. mMass
version 5.5.0 [180] and ChemSketch version 14.0 (ACD/Labs, Toronto, Ont., CA) were used for
mass spectral plots and chemical structures, respectively. Glycoworkbench was used to generate
possible product ions [181] and the product ions were labeled according to the widely accepted
nomenclature of Domon and Costello [182].
3.3 Results/Discussion
Figure 3.1 contrasts He-CTD with LE-CID of the doubly charged [M+2Na]2+ precursor of the
XXXG xyloglucan. Figure 3.1a shows the LE-CID spectrum of the [M+2Na]2+ precursor with
several neutral losses and a few glycosidic cleavages, which is typical for LE-CID of glycans [126,
178]. The lack of cross ring cleavages inhibits both the determination of the linkage pattern
between the glucose monosaccharides and the branching pattern of the xylose groups from the
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glucose monomers. The lack of useful product ions leads to minimal structural information about
the XXXG xyloglucan. However, Figure 3.1b shows the He-CTD spectrum of the [M+2Na]2+
precursor, which is in stark contrast to the LE-CID spectrum. He-CTD generated a mixture of
cross-ring cleavages and glycosidic cleavages, including A, B, C, X, Y and Z product ions. The
unambiguous B4 product ion determined that the glucose monomer at the reducing did not have a
branching glucose group. The series of

3,5

An and

2,4

An cross-ring cleavages determined the 1,4-

linkage pattern between the glucose monomers and the 1,6-branching pattern between the glucose
and xylose groups. The singly charged product ions generated from the [M+2Na]2+ precursor are
from the loss of a charged sodium ion. Due to the large number of product ions generated in HeCTD, not all of the product ions could be labelled without overlapping and overcrowding the
labels. Therefore, only the major peaks are annotated. For a full list of assignable peaks in the HeCTD spectra of the different precursor ions, readers are referred to Table 3.1-Table 3.5, Table
3.7, and Table 3.9.
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a)

[M+2Na]2+

b)

[M+2Na]2+

554.2
LE-CID

X 0.15

554.2
He-CTD

Figure 3.1 Product ion mass spectra of XXXG with insets of the product ion map for each activation
technique: a) LE-CID of [M+2Na]2+ precursor at m/z 554.2 with an excitation amplitude of 0.8 arbitrary
units, a LMCO of m/z 220 and a precursor isolation with of 4 Da; b) He-CTD of [M+2Na]2+ precursor at
m/z 554.2 with an identical LMCO and isolation width as the LE-CID spectrum. Dark blue arrows
represent unambiguous identities; gold arrows represent ambiguous identities caused by alternative
isobaric product ions. Bold labels in the product ion map represent singly charged product ions and
nonbolded labels are doubly charged product ions.
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Table 3.1 Product ion list of peaks observed in
the He-CTD spectrum of [M+2Na]2+ at m/z
554.2
m/z

Proposed identity(ies)
3,5

227.0
229.0

3,5

A2/1,5X1-H2 1+
1,5

231.0
243.0

0,2

287.0
289.0

A2-H2 1+

2,5

259.0

275.0

X1/0,3A2 1+

2,5

257.0

0,3

X1 1+

X1-H2/0,3A2-H2 1+
0,2

245.0

273.0

A2-H2 1+

A2 1+

X1-H2/0,2A2-H2 1+
0,3

X1/0,2A2 1+

1,5

A2-H2 1+

1,5

A2 1+

299.0

B2-H2O 1+

315.0

B2-H2 1+

317.1

B2 1+

333.1

C2-H2 1+

335.1

C2 1+

375.1
377.1

2,4

A3-H2 1+

2,4

A3 1+

398.1

Z3 2+

406.1

Y3-H2 2+

56

Y3 2+

407.1
420.1

3,5

A4/1,5X3-H2 2+
1,5

421.1
435.1

2,5

A4/2,5X3-H2 2+
2,5

436.1
443.1

0,3

X3 2+

X3/0,2A4 2+

1,5

449.1

X3 2+

A4-H2 2+

450.1

1,5

A4 2+

451.1

3,5

X3 2+

463.2

B4-H2 2+

464.1

B4 2+

472.1

C4-H2 2+

473.1

C4 2+

477.1

Z2-H2 1+

479.1

Z2 1+

487.1

Y4-H2/Y3α-H2/Y2β-H2 2+

488.1

Y4/Y3α/Y2β 2+
2,4

494.2

A5 2+

495.1

Y2-H2 1+

497.1

Y2 1+
3,5

501.1
509.1

0,3

523.1

A5/1,4A5 2+

3,5

521.1
3,5

A5 2+

A3-H2 1+

A3/1,5X2-H2 1+

57

1,5

525.1
537.1

0,2

X2-H2/0,3A3-H2 1+
0,2

539.2

X2/0,3A3 1+

[M+2Na]2+

554.2
567.1

X2 1+

0,3

X2-H2/0,2A3-H2 1+
0,3

569.1

X2/0,2A3 1+

1,5

581.1
1,5

583.1

A3-H2 1+

A3/3,5X2-H2 1+
3,5

585.1

X2 1+

609.1

B3-H2 1+

611.1

B3 1+

627.1

C3-H2 1+

629.1

C3 1+

641.1
659.1
669.1
671.1
699.2
701.2

1,4

A4-C2H2O-H2O 1+
1,4

A4-C2H2O 1+
2,4

A4-H2 1+

2,4
1,4

A4 1+

A4-H2 1+

1,4

A4 1+

731.2

Z3-C2H2O 1+

743.2

Z3-CH2O 1+

755.2

Z3-H2O 1+

771.2

Z3-H2 1+

773.2

Z3 1+

58

789.2

Y3-H2 1+

791.3

Y3 1+

803.3

0,3

X3-C2H2O-H2O/0,2A4-C2H2O-H2O 1+
3,5

817.2

A4/1,5X3-H2 1+
1,5

819.2
821.2
831.2

0,3

X3-C2H2O/0,2A4-C2H2O 1+
0,2

X3-H2/0,3A4-H2 1+
0,2

833.2

2,5

863.2
875.3
877.3

A4-H2 1+

A4/2,5X3-H2 1+
2,5

849.2
861.3

X3/0,3A4 1+

2,5

845.2
847.3

X3 1+

0,3

X3 1+

X3-H2/0,2A4-H2 1+
0,3

X3/0,2A4 1+

1,5

A4-H2 1+

1,5

A4 1+

891.2

C4-H2-CH2O 1+

903.3

B4-H2 1+

905.3

B4 1+

921.3

C4-H2 1+

923.3

C4 1+

933.3

Z4-H2/Z3α-H2/Z2β-H2 1+

935.3

Z4/Z3α/Z2β 1+

951.3

Y4-H2/Y3α-H2/Y2β-H2 1+

953.3

Y4/Y3α/Y2β 1+

59

963.3
965.3

2,4

A5-H2 1+

2,4

A5 1+

1085.4

[M+Na]+

1101.3

[M+Na+O]+

1107.3

[M+2Na-H]+

One of the downsides to fragmentation techniques like ETD and ECD is that they are limited
to multiply charged analytes. However, CTD is effective with fragmenting singly charged positive
ions, as demonstrated in Figure 3.2. Figure 3.2 shows a comparison of LE-CID and He-CTD of
the singly charged [M+Na]+ precursor of the XXXG xyloglucan. The LE-CID spectrum in Figure
3.2a shows many of the same glycosidic cleavages shown in Figure 3.1a, but there are now a few
unambiguous cross-ring cleavages present in the LE-CID spectrum, including the

0,2

A5 product

ion. Previous studies have demonstrated that LE-CID tends to generate 0,2An product ions on the
reducing end of glycans, but generally not elsewhere [183-184]. However, even though there were
a few cross-ring product ions generated in the LE-CID spectrum of the singly sodiated precursor,
there are insufficient cross-ring product ions to provide structural information about the linkage or
branching patterns.
In contrast to CID, the He-CTD spectrum in Figure 3.2b generated remarkably similar
information to the He-CTD spectrum of the doubly charged [M+2Na]2+ precursor in Figure 3.1a,
and the series of 3,5An and 2,4An product ions were still present to identify the linkage and branching
patterns of the XXXG xyloglucan from the singly charged precursor.
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a)

b)

[M+Na]+

1085.0
LE-CID

[M+Na]+

1085.0
He-CTD
1085.0 Res. Ej.

Figure 3.2 Product ion mass spectra of XXXG with insets of the product ion map for each activation
technique: a) LE-CID of [M+Na]+ precursor at m/z 1085.0 with an excitation amplitude of 0.8 arbitrary
units, a LMCO of m/z 220 and a precursor isolation width of 3 Da; b) He-CTD of [M+Na]+ precursor at
m/z 1085.0 with a 5-V resonance ejection of unreacted precursor ions at m/z 1085.0 between CTD
activation and mass acquisition and an identical LMCO and isolation width as the LE-CID spectrum.
Dark blue arrows represent unambiguous identities; gold arrows represent ambiguous identities caused
by alternative isobaric product ions. Bold labels in the product ion map represent singly charged product
ions and nonbolded labels are doubly charged product ions.
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Table 3.2 Product ion list of peaks
observed in the He-CTD spectrum
of [M+Na]+ at m/z 1085.0
m/z
228.9

Proposed identity(ies)
3,5

A2/1,5X1-H2 1+
1,5

230.9
242.9

0,2

X1-H2/0,3A2-H2 1+
0,2

244.9

X1/0,3A2 1+

2,5

257.0

A2-H2 1+

2,5

259.0
1,5

271.0
273.0

0,3

X1 1+

A2 1+

A2-H2O 1+

X1-H2/0,2A2-H2 1+
0,3

275.0

X1/0,2A2 1+

1,5

287.0

A2-H2 1+

1,5

289.0

A2 1+

315.0

B2-H2 1+

317.0

B2 1+

333.0

C2-H2 1+

335.0

C2 1+

345.0
347.0
375.0
377.0

2,4

A3-CH2O-H2 1+

2,4

A3-CH2O 1+

2,4

A3-H2 1+

2,4

A3 1+
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437.1

Z2-C2H2O 1+

449.1

Z2-CH2O 1+

477.1

Z2-H2 1+

479.1

Z2 1+

495.0

Y2-H2 1+

497.1

Y2 1+
1,5

507.0

3,5

521.0
523.0

X2-H2O 1+

3,5

A3/1,5X2-H2 1+
1,5

525.1
537.0

A3-H2 1+

0,2

X2-H2/0,3A3-H2 1+
0,2

539.1

X2 1+

X2/0,3A3 1+

542.6

[M+Na]2+

551.0

[M+Na+O+H]2+
2,5

553.1

2,5

555.0
567.1
569.1

0,3

585.0

X2 1+

X2-H2/0,2A3-H2 1+
0,3

X2/0,2A3 1+

1,5

581.1
583.0

X2-H2 1+

1,5

A3-H2 1+

A3/3,5X2-H2 1+
3,5

X2 1+

609.1

B3-H2 1+

611.1

B3 1+

627.1

C3-H2 1+

63

C3 1+

629.1
2,4

641.1

A4-CH2O 1+

2,4

669.1

A4-H2 1+

671.1

2,4

A4 1+

701.1

1,4

A4 1+

771.2

Z3-H2 1+

773.2

Z3 1+

789.2

Y3-H2 1+

791.2

Y3 1+
1,5

801.2
817.2

3,5

X3-H2O 1+

A4/1,5X3-H2 1+
1,5

819.2
831.2

0,2

X3-H2/0,3A4-H2 1+
0,2

833.2

2,5

863.3

A4-H2 1+

A4/2,5X3-H2 1+
2,5

849.2
861.2

X3/0,3A4 1+

2,5

845.2
847.2

0,3

X3 1+

X3 1+

X3-H2/0,2A4-H2 1+
0,3

X3/0,2A4 1+

903.3

B4-H2 1+

905.3

B4 1+

921.3

C4-H2 1+

923.3

C4 1+

933.3

Z4-H2/Z3α-H2/Z2β-H2 1+
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935.3

Z4/Z3α/Z2β 1+

951.3

Y4-H2/Y3α-H2/Y2β-H2 1+

953.3

Y4/Y3α/Y2β 1+
2,5

1007.2

A5-H2 1+

Figure 3.3 shows a comparison of the product ion maps for the He-CTD spectra of the
[M+K+H]2+, [M+K]+ and [M+2K]2+ precursors of the XXXG xyloglucan. The corresponding
spectra for each product ion map are provided in Figure 3.4 and Figure 3.5, respectively. The
dark blue arrows represent unambiguous cleavages and the gold arrows represent ambiguous
cleavages. Some of the ambiguous product ions, like the 0,2X3 reducing end fragment, are isobaric
with nonreducing end fragments like the

0,3

A4 product ion. Heavy oxygen labelling (18O) of the

reducing end would have alleviated the ambiguity associated with these product ions [185].
However, there are some isobaric species that would not have benefited from the isotopic labelling,
including the Y4, Y3α, Y2β series of product ions, because they are generated from a glycosidic
cleavage and loss of a xylose group. The product ions that are bolded in the fragmentation maps
are singly charged, whereas the nonbolded product ions are doubly charged.
When singly charged and doubly charged species of a product ion are both present, the product
ion with the greatest abundance is shown in the label. For example, in Figure 3.3a the 2,4A5 product
ion in the [M+K+H]2+ spectrum was present as both the singly and doubly charged species, but
the singly charged product ion was more abundant; therefore, the 2,4A5 product ion was bolded in
the product ion map. As shown in Figure 3.3, the charge state of the product ions typically
corresponds to the charge state of the precursor, with the exception of He-CTD of [M+2K]2+. The
majority of the identified product ions in the [M+2K]2+ product ion map are singly charged, which
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indicates that the loss of a charged potassium is common during fragmentation. The product ion
map for He-CTD of the [M+2Na]2+ precursor in Figure 3.1b shows a similar phenomenon, with a
majority of singly charged product ions caused by the loss of a sodium ion. Adamson and
Håkansson have shown a similar phenomenon for the loss of one of the charging adducts following
ECD in an FTICR [184]. A possible explanation could be that loss of bulky cations like Na+ and
K+ help reduce coulombic repulsion in the smaller product ions.
The product ion maps in Figure 3.3 show many similarities to one another, with extensive
cross-ring and glycosidic cleavages. Even though there are varying degrees of fragmentation
present in each of the product ion maps, the linkage and branching patterns can still be identified
through a combination of product ions. For example, the

3,5

An,

2,4

An and

0,4

Xn product ions

determined the linkage and branching patterns for the central units in the [M+K+H]2+ and the
[M+2K]2+ precursor. Similarly, the 0,4An, 2,5A4, 3,5A3 and 2,5X3 product ions identified the branching
and linkage patterns for the non-reducing glucose unit of the [M+K]+ precursor. The main
difference between the product ion maps was the difference in coverage toward the ends of the
XXXG xyloglucan. The product ion map generated from the [M+K+H]2+ precursor had the
greatest number of cross-ring cleavages at the reducing and non-reducing ends, whereas the
[M+K]+ and [M+2K]2+ precursors both had fewer cross-ring fragments generated at the terminal
glucose units. Other studies using hot-ECD and electron excitation dissociation (EED) have also
shown fewer fragments from the termini of branched glycans and more cross-ring fragmentation
from the center of the glycan [172, 186]. LE-CID spectra and product ion maps for the [M+2K]2+,
[M+K+H]2+, and [M+K]+ precursors of the XXXG xyloglucan are provided in Figure 3.5 and
Figure 3.7, respectively. The [M+K]+ LE-CID spectrum had several product ions but they
mainly consisted of unhelpful neutral losses. The [M+2K]2+ LE-CID spectrum generated only
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two product ions, which were the loss of a potassium ion, a product ion not structurally useful, and
a doubly charged 2,4A5 cross-ring cleavage, which indicates that both potassium ions reside on the
product. LE-CID of the [M+K+H]2+ precursor provided the greatest number of structurally
informative product ions and was able to determine the linkage position between the glucose
monomers towards the reducing end with the 0,3An, 2,4A4 and the 1,4A5 product ions. In comparison
to the [M+2K]2+, the addition of a mobile proton as opposed to an additional potassium ion greatly
enhanced the fragmentation observed with LE-CID of the [M+K+H]2+. However, LE-CID was not
able to determine the branching pattern between the glucose and xylose monomers for the
[M+K+H]2+ precursor.
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a)

b)

[M+K+H]2+

[M+K]+

[M+2K]2+

c)

Figure 3.3 Product ion maps for He-CTD of each metal adducted precursor of XXXG: a) HeCTD of [M+K+H]2+ precursor at m/z 551.0 with 5-V resonance ejection of unreacted precursor
ions at m/z 551.0 before mass acquisition; b) He-CTD of [M+K]+ precursor at m/z 1101.3; c)
He-CTD of [M+2K]2+ precursor at m/z 570.1. Dark blue arrows represent unambiguous product
ion identities, whereas gold arrows represent ambiguous product ion identities due to alternative
isobaric product ions. Bold labels in the product ion map represent singly charged product ions
and nonbolded labels are doubly charged product ions.
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a)

[M+K+H]2+

551.0
He-CTD
551.0 Res. Ej.

b)

[M+K]+

1101.3 X 0.1
He-CTD

Figure 3.4 He-CTD spectra of each metal adducted precursor of XXXG; a) He-CTD of
[M+K+H]2+ precursor at m/z 551.0 with resonance ejection of unreacted precursor ions at m/z
551.0 before mass acquisition at an amplitude of 5 V, a LMCO of m/z 250 and a precursor
isolation width of 3 Da; b) He-CTD of [M+K]+ precursor at m/z 1101.3 with a LMCO of m/z
220 and a precursor isolation width of 4 Da.
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Table 3.3 Product ion list of peaks
observed in the He-CTD spectrum of
[M+K+H]2+ at m/z 551.0
m/z

Proposed identity(ies)

256.0

Y2-H2 2+

257.0

Y2 2+
1,5

262.0

3,5

269.0
269.9

3,5

278.0
284.0

1,5
0,2

X2 2+

X2-H2/0,3A3-H2 2+
0,2

X2/0,3A3 2+

2,5

A3-H2 2+

2,5

285.0
290.9

1,5

293.0

0,3

300.0

A3-H2 2+

A3/1,5X2-H2 2+

270.9
277.0

X2-H2O 2+

A3 2+

A3-H2O 2+

X2/0,2A3 2+
1,5

A3 2+

305.0

B3-H2O 2+

313.0

B3-H2 2+

314.0

B3 2+

322.0

C3-H2 2+

323.0

C3 2+
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2,4

329.0

A4-CH2O 2+

2,4

335.0

A4-H2O 2+

2,4

343.0

A4-H2 2+

2,4

344.0
1,4

350.0

A4 2+

A4-H2O 2+
1,4

359.0

A4 2+

374.0

Z3-C2H2O 2+

380.0

Z3-CH2O 2+

395.0

Z3 2+

403.0

Y3-H2 2+

404.0

Y3 2+
1,5

409.0
410.0

0,2

X3-H2O 2+

X3-CH2O/0,3A4-CH2O 2+
3,5

417.0

A4/1,5X3-H2 2+
1,5

418.0
424.0

0,2

1,5

426.0
431.0

X3-H2/0,3A4-H2 2+
0,2

425.0

0,3

X3-H2O/0,2A4-H2O 2+
2,5
0,3

448.0

1,5

X3 2+

X3/0,2A4 2+

1,5

446.0
447.0

X3/0,3A4 2+

A4-C2H2O 2+

433.0
440.0

X3 2+

A4-H2 2+

A4/3,5X3-H2 2+
3,5

X3 2+

71

454.0

0,4

X3-H2/0,4X2-H2/0,4X1-H2 2+
0,4

455.0

X3/0,4X2/0,4X1 2+

461.0

B4 2+

467.0

Z4-H2O/Z3α-H2O/Z2β-H2O 2+

469.0

C4-H2 2+

470.0

C4 2+

475.0

Z4-H2/Z3α-H2/Z2β-H2 2+

476.0

Z4/Z3α/Z2β 2+
2,4

481.0

A5-H2-H2O 2+

484.0

Y4-H2/Y3α-H2/Y2β-H2 2+

485.0

Y4/Y3α/Y2β 2+
2,4

490.0

2,4

491.0

3,5

497.0

0,3

505.5
0,3

A5 2+

A5-H•/1,4A5-H• 2+

A5/1,4A5/0,2A5-CH2O 2+
0,2

521.0
585.0

A5 2+

A5-H2 2+

3,5

498.0

506.0

A5-H2 2+

0,3

A5 2+

X2/0,2A3 1+

627.0

B3 1+

789.2

Z3 1+
1,5

835.1
849.2
939.2

0,2

X3 1+

X3/0,3A4 1+
C4 1+

72

981.3
1085.4

2,4

A5 1+

[M+K-O]+

73

Table 3.4 Product ion list of peaks
observed in the He-CTD spectrum
of [M+K]+ at m/z 1101.3
m/z

Proposed identity(ies)

230.9

0,4

A2 1+

246.9

1,5

X1 1+

333.0

B2 1+

349.0

C2-H2 1+

351.0

C2 1+

493.0

Z2-H2 1+

495.1

Z2 1+

511.0

Y2-H2 1+

513.1

Y2 1+

539.1

3,5

A3/1,5X2-H2 1+
1,5

541.1
553.1

0,2

X2 1+

X2-H2/0,3A3-H2 1+

555.0

0,2

X2/0,3A3 1+

597.0

B3-CH2O 1+

609.1

B3-H2O 1+

625.0

B3-H2 1+

627.0

B3 1+

643.1

C3-H2 1+

645.1

C3 1+

787.2

Z3-H2 1+

74

789.2

Z3 1+

805.2

Y3-H2 1+

807.2

Y3 1+

817.2
833.2

1,5
3,5

X3-H2O 1+

A4/1,5X3-H2 1+
1,5

835.2
863.2

2,5

A4/2,5X3-H2 1+
2,5

865.2
879.2
893.2

X3 1+

0,3

X3 1+

X3/0,2A4 1+
1,5

A4 1+

919.2

B4-H2 1+

921.3

B4 1+

937.2

C4-H2 1+

939.3

C4 1+

949.2

Z4-H2/Z3α-H2/Z2β-H2 1+

951.3

Z4/Z3α/Z2β 1+

967.3

Y4-H2/Y3α-H2/Y2β-H2 1+

969.3

Y4/Y3α/Y2β 1+

1101.3

[M+K]+
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a)

570.1 X 0.07
LE-CID

[M+2K]2+

X 0.1
[M+2K]2+

570.1
He-CTD

b)

Figure 3.5 Product ion mass spectra of XXXG with insets of the product ion map for each activation
technique: a) LE-CID of [M+2K]2+ precursor at m/z 570.1 with an excitation amplitude of 0.8 arbitrary
units, a LMCO of m/z 250 and a precursor isolation width of 4 Da; b) He-CTD of [M+2K]2+ precursor at
m/z 570.1 with an identical LMCO and precursor isolation width as the LE-CID spectrum. Dark blue
arrows represent unambiguous product ion identities and gold arrows represent ambiguous product ion
identities due to alternative isobaric product ions. Bold labels in the product ion map represent singly
charged product ions and nonbolded labels are doubly charged product ions.
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Table 3.5 Product ion list of peaks
observed in the He-CTD spectrum
of [M+2K]2+ at m/z 570.1
m/z
259.0

Proposed identity(ies)
0,2

0,2

261.0
289.0
291.0

X1-H2/0,3A2-H2 1+

0,3

X1/0,3A2 1+

X1-H2/0,2A2-H2 1+
0,3

X1/0,2A2 1+
1,5

305.0

A2 1+

333.0

B2 1+

349.0

C2-H2 1+

351.0

C2 1+

391.0

2,4

2,4

393.0
405.1

1,4

A3 1+

A3-H2O 1+
Z3 2+

414.1
421.1

A3-H2 1+

1,4

A3-H2 1+

423.0

1,4

A3 1+

437.0

1,5

X3 2+

451.0

2,5

A4 2+

459.0

0,3

X3/0,2A4 2+

488.0

C4-H2 2+

489.0

C4 2+

493.0

Z2-H2 1+

495.1

Z2 1+
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503.0

Y4-H2/Y3α-H2/Y2β-H2 2+

504.0

Y4/Y3α/Y2β 2+

511.1

Y2-H2 1+

513.1

Y2 1+
3,5

517.1
539.0

3,5

A3/1,5X2-H2 1+
1,5

541.1

X2 1+

[M+2K]2+

570.1
585.1

A5 2+

0,3

X2/0,2A3 1+
1,5

599.1

A3 1+

625.0

B3-H2 1+

627.1

B3 1+

643.1

C3-H2 1+

645.1

C3 1+

657.1

2,4

A4-CH2O 1+

2,4

685.1

A4-H2 1+

2,4

687.1

1,4

715.1

A4-H2 1+

1,4

717.2

A4 1+

A4 1+

787.2

Z3-H2 1+

789.2

Z3 1+

805.2

Y3-H2 1+

807.2

Y3 1+

833.2

3,5

A4/1,5X3-H2 1+

78

1,5

835.2
863.2

2,5

A4/2,5X3-H2 1+
2,5

865.3
879.2
893.2

X3 1+

0,3

X3 1+

X3/0,2A4 1+
1,5

A4 1+

919.2

B4-H2 1+

921.2

B4 1+

937.2

C4-H2 1+

939.2

C4 1+

949.2

Z4-H2/Z3α-H2/Z2β-H2 1+

951.3

Z4/Z3α/Z2β 1+

967.3

Y4-H2/Y3α-H2/Y2β-H2 1+

969.3

Y4/Y3α/Y2β 1+

1101.3

[M+K]+

1139.3

[M+2K-H]+

79

[M+K+H]2+

a)

X 0.4

551.0
LE-CID

b)
[M+K]+

1101.3
LE-CID

Figure 3.6 LE-CID spectra of each metal adducted precursor of XXXG; a) LE-CID of
[M+K+H]2+ precursor at m/z 551.0 with a LMCO of m/z 250 and a precursor isolation width of
3 Da; b) LE-CID of [M+K]+ precursor at m/z 1101.3 with a LMCO of m/z 220 and a precursor
isolation width of 4 Da. In the product ion maps, dark blue arrows represent unambiguous
product ion identities, whereas gold arrows represent ambiguous product ion identities due to
alternative isobaric product ions. Bold labels in the product ion map represent singly charged
product ions and nonbolded labels are doubly charged product ions.
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Figure 3.7 shows contrasting data between the LE-CID and He-CTD spectra of the [M+Mg]2+
precursor of the XXXG xyloglucan. As expected, the LE-CID spectra had many glycosidic
cleavages and only a single unambiguous cross-ring cleavage, which was the

0,2

A5 product ion.

The other cross-ring cleavages were ambiguous and present due to consecutive fragmentation,
which resulted in multiple possible peak identities. The He-CTD spectra had less dominant
glycosidic cleavages and numerous cross-ring cleavages, including the 0,3An, 2,4An, 0,4Xn and 2,5X3
product ions, which identified the 1,4 and 1,6 linkage and branching patterns, respectively. The
He-CTD spectra also contained a proton-stripped even electron species of the magnesium adducted
precursor—i.e., [M+Mg-H]+—which has also been observed with ECD of magnesium adducted
glycans [184]. Both the LE-CID and the He-CTD spectra contained singly charged product ions
with the doubly charged precursor [M+Mg]2+. However, other studies have shown that CID [187],
IRMPD and ECD [184] can also generate singly charged product ions from divalent metal adducts,
so the phenomenon is not unique to high energy activation. The generation of the singly charged
product ions with LE-CID and IRMPD have been attributed to the loss of a proton from a hydroxyl
group and the formation of a complementary product ion [184, 187]. Unfortunately, due to the
elevated LMCO in the current He-CTD spectra, the complementary low-mass product ions are not
observable in any of the He-CTD spectra. ECD has generated singly charged product ions from
divalent metal adducts through the gain of an electron and the loss of a hydrogen [184]. The
generation of the singly charged product ions appears to be a non-favored pathway because the
doubly charged equivalents are typically present and more abundant than the singly charged
species.
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a)

b)

[M+Mg]2+

[M+Mg]2+

X 0.07

X 0.07

543.0
LE-CID

543.2
He-CTD

Figure 3.7 Product ion mass spectra of XXXG with insets of the product ion map for each activation
technique: a) LE-CID of [M+Mg]2+ precursor at m/z 543.0 with an excitation amplitude of 0.8 arbitrary
units, a LMCO of m/z 250 and a precursor isolation width of 4 Da; b) He-CTD of [M+Mg]2+ precursor
at m/z 543.2 with an identical LMCO and precursor isolation width as the LE-CID spectrum. Dark blue
arrows represent unambiguous product ion identities and gold arrows represent ambiguous product ion
identities due to alternative isobaric product ions. Bold labels in the product ion map represent singly
charged product ions and nonbolded labels are doubly charged product ions.
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LE-CID and He-CTD of the [M+Ca]2+ precursors are provided in Figure 3.8. LE-CID only
generated glycosidic cleavages and many of those included neutral losses, so LE-CID was not able
to identify the linkage or branching pattern of the XXXG xyloglucan. Due to the numerous neutral
losses observed in the LE-CID data of the [M+Mg]2+ and [M+Ca]2+ precursors, all of the product
ions could not be labelled without overcrowding of the labels, so product ion tables are provided
in Table 3.6 and Table 3.8.
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Table 3.6 Product ion list of peaks observed in the LECID spectrum of [M+Mg]2+ at m/z 543.0
m/z

Proposed identity(ies)

240.9

Z2 2+

249.0

Y2 2+

297.0

B3-H2O 2+

300.0

C3-CH2O 2+

303.1

Z3-C2H2O-7H2O/Z3-2C2H2O-CH2O-3H2O 2+

306.0

B3 2+

312.0

Z3-C2H2O-6H2O/Z3-2C2H2O-CH2O-2H2O 2+

315.0

C3 2+

321.0

Z3-C2H2O-5H2O/Z3-2C2H2O-CH2O-H2O 2+

330.1

Z3-C2H2O-4H2O/Z3-2C2H2O-CH2O 2+

336.0

Z3-2C2H2O-H2O 2+

339.0

Z3-C2H2O-3H2O/Z3-2H2O-2CH2O 2+

345.0

Z3-2C2H2O 2+

348.0

Z3-C2H2O-2H2O 2+

351.0

Z3-C2H2O-CH2O 2+

360.1

Z3-3H2O 2+

363.0

Z3-CH2O-H2O 2+

366.1

Z3-C2H2O 2+

369.0

Z3-2H2O 2+

372.1

Z3-CH2O 2+

378.1

Z3-H2O 2+
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381.1

Y3-CH2O

387.1

Z3 2+

393.1

B4-2C2H2O-3H2O 2+

396.1

Y3 2+

402.1

B4-2C2H2O-H2O 2+

405.1

B4-2CH2O 2+

411.1

B4-2C2H2O 2+

414.1

B4-C2H2O-2H2O/C4-2CH2O-2H2O 2+

417.1

B4-C2H2O-CH2O/C4-3CH2O 2+

423.1

B4-C2H2O-H2O/C4-2CH2O-H2O 2+

432.1

B4-C2H2O/C4-2CH2O 2+

435.1

B4-2H2O 2+

438.1

B4-CH2O 2+

444.1

B4-H2O 2+

447.1

C4-CH2O 2+

453.1

B4 2+

459.1

Z4-H2O/Z2α-H2O/Z2β-H2O 2+

462.1

C4 2+

468.1

Z4/Z3α/Z2β 2+

477.1

Y4/Y3α/Y2β 2+

483.0
489.1
498.1
504.1

0,2
0,2

A5-2CH2O 2+

A5-CH2O-H2O 2+
0,2

A5-CH2O 2+

0,2

A5-H2O 2+
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0,2

513.1

A5 2+

525.1

[M+Mg-2H2O]2+

534.1

[M+Mg-H2O]2+

569.0

C3-2CH2O-H+

611.1

B3-H+

629.0

C3-H+

641.1

Z3-2C2H2O-CH2O-H2O-H+

659.1

Z3-2C2H2O-CH2O-H+

671.1

Z3-2C2H2O-H2O-H+

701.1

Z3-C2H2O-CH2O-H+

731.1

2,4

X2/0,2A4-Y3/0,2A3-Y4/0,2A3-Y3α/0,2A3-Y2β 1+

755.2

Z3-H2O-H+

773.2

Z3-H+

791.2

Y3-H+

803.2

B4-2CH2O-H2O-H+

815.1

B4-C2H2O-CH2O-H2O-H+/C4-3CH2O-H2O-H+

833.2
863.2

0,2

X3/0,3A3/2,4A4-Y4/2,4A4-Y3α/2,4A4-Y2β 1+
0,3

X3/0,3A4-Y4/0,3A4-Y3α/0,3A4-Y2β 1+

875.2

B4-CH2O-H+

887.2

B4-H2O-H+

893.2

0,4

X3/0,2A4-Y4/0,2A4-Y3α/0,2A4-Y2β 1+

917.2

Z4-H2O-H+/Z3α-H2O-H+/Z2β-H2O-H+

923.2

Y4-CH2O-H+/Y3α-CH2O-H+/Y2β-CH2O-H+

935.2

Z4-H+/Z3α-H+/Z2β-H+

86

Y4-H+/Y3α-H+/Y2β-H+

953.3

Table 3.7 Product ion list of peaks
observed in the He-CTD spectrum
of [M+Mg]2+ at m/z 543.2
m/z
262.0

Proposed identity(ies)
3,5

A3/1,5X2-H2 2+
1,5

263.0

X2 2+

270.0

0,2

X2/0,3A3 2+

285.0

0,3

X2/0,2A3 2+

305.0

B3-H2 2+

306.0

B3 2+

314.0

C3-H2 2+

315.0

C3 2+
2,4

321.0

A4-CH2O 2+

2,4

335.0

A4-H2 2+

2,4

336.0

A4 2+

387.1

Z3 2+

395.0

Y3-H2 2+

396.1

Y3 2+

409.1

3,5

A4/1,5X3-H2 2+
1,5

410.1
416.1
417.1

0,2

X3 2+

X3-H2/0,3A4-H2 2+
0,2

X3/0,3A4 2+
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2,5

425.1
0,3

432.1

447.1

X3/0,2A4 2+
1,5

439.1
0,4

X3 2+

A4 2+

X3/0,4X2/0,4X1 2+

453.1

B4 2+

461.1

C4-H2 2+

462.1

C4 2+

468.1

Z4/Z3α/Z2β 2+

477.1

Y4/Y3α/Z2β 2+
2,4

482.1

2,4

483.0
491.1

A5-H2 2+

0,2

A5 2+

A5-H2-C2H2O 2+
1,4

498.1

A5/0,3A5 2+

0,2

512.1

A5-H2 2+

0,2

513.1

A5 2+

543.2

[M+Mg]2+

611.0

B3-H+

641.1

2,4

A4-CH2O-H+
2,4

671.1

A4-H+

773.2

Z3-H+

923.3

C4-H+
2,4

965.3
995.3
1085.3

1,4

A5-H+

A5-H+/0,3A5-H+

[M+Mg-H+]1+
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The He-CTD data of the [M+Ca]2+ precursor was able to identify the linkage and branching
patterns with numerous cross-ring cleavages, like the

3,5

An, 2,4An, and the 0,4Xn series of product

ions. All the identified peaks in the LE-CID and He-CTD spectra retained the magnesium and
calcium adducts, which is consistent with trends observed in ECD and IRMPD [184, 188]. A
noticeable difference between the He-CTD data of the [M+Ca]2+ and [M+Mg]2+ was the number
of singly charged product ions generated from each precursor. The [M+Ca]2+ generated only 5
singly charged product ions, whereas the [M+Mg]2+ precursor generated 23 singly charged product
ions. The most probable explanation for this observation is related to the second ionization
potential of each metal adduct. Calcium has a second ionization potential of 11.87 eV, whereas
magnesium has a second ionization potential of 15.03 eV. The higher second ionization potential
of magnesium would result in a higher electron affinity for electron density from the nearby
oxygen atoms and promote the formation of protonated complementary product ions [187]. In
ECD the metal adduct is theorized to capture a low energy electron and initiate the radical driven
fragmentation process, so the electronic properties and location of the metal coordinating within
the glycan can greatly impact the type of fragments generated [188]. However, with EED the metal
is not directly involved in the ionization and recapture of the electron, so product ion spectra are
less dependent on the binding position of the metal adduct and spectra are similar regardless of the
identity of the metal adduct [189-190]. Because He-CTD provides consistent structurally
informative peaks and successful characterization of the branched glycan—regardless of the nature
of the metal adduct—He-CTD is as effective as EED for metal adducted glycans. Of course, one
major benefit of He-CTD is that it can be implemented on considerably cheaper ion trap mass
spectrometers. One downside to He-CTD is that the current instrument lacks the resolving power
of the FTICR mass spectrometers used for EED. A solution to this downside would be to couple
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He-CTD to an instrument with a higher resolving power, such as an Orbitrap instrument. The
combination of extensive structural information gathered from He-CTD—especially of singly
charged precursor ions—and the accurate mass measurements of an Orbitrap would make a very
powerful technique with a wide variety of applications.
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[M+Ca]2+

X 0.6

551.0
LE-CID

a)

[M+Ca]2+

551.0
He-CTD

551.0 Res. Ej.

b)

Figure 3.8 Product ion mass spectra of XXXG with insets of the product ion map for each
activation technique: a) LE-CID of [M+Ca]2+ precursor at m/z 551.0 with an excitation
amplitude of 1.0 arbitrary units, a LMCO of m/z 220 and a precursor isolation width of 2 Da; b)
He-CTD of [M+Ca]2+ precursor at m/z 551.0 with resonance ejection of unreacted precursor
ions at m/z 551.0 before mass acquisition with an amplitude of 2 V and an identical LMCO and
isolation width as the LE-CID spectrum. In the product ion maps, dark blue arrows represent
unambiguous product ion identities, whereas gold arrows represent ambiguous product ion
identities due to alternative isobaric product ions. Bold labels in the product ion map represent
singly charged product ions and nonbolded labels are doubly charged product ions.
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Table 3.8 Product ion list of peaks observed in the LE-CID spectrum of [M+Ca]2+ at m/z 551.0
m/z

Proposed identity(ies)

239.0

Z2-H2O 2+

248.0

Z2 2+

257.0

Y2 2+

278.0

C3-3CH2O 2+

290.0

B3-CH2O-H2O 2+

293.1

C3-2CH2O 2+

296.1

B3-2H2O 2+

299.1

B3-CH2O 2+

305.0

B3-H2O 2+

308.1

C3-CH2O 2+

311.0

Z3-3CH2O-C2H2O-2H2O 2+

314.1

B3 2+

320.1

Z3-3CH2O-C2H2O-H2O 2+

323.1

C3 2+

329.1

Z3-3CH2O-C2H2O 2+

338.1

Y3-3CH2O-C2H2O 2+

344.1

Z3-2CH2O-C2H2O 2+

353.1

Y3-2CH2O-C2H2O 2+

356.1

Z3-2CH2O-H2O 2+

365.1

Z3-2CH2O 2+

371.0

Z3-CH2O-H2O 2+

374.1

Y3-2CH2O 2+
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377.0

Z3-2H2O 2+

380.1

Z3-CH2O 2+

386.1

Z3-H2O 2+

389.1

Y3-CH2O 2+

395.1

Z3 2+

401.1

B4-2C2H2O-2H2O 2+

404.1

Y3 2+

410.1

B4-2C2H2O-H2O 2+

419.1

B4-2C2H2O 2+

425.1

B4-C2H2O-CH2O/Z4-C2H2O-CH2O/Z3α-C2H2O-CH2O/Z2β-C2H2O-CH2O 2+

440.1

B4-C2H2O/Z4-C2H2O-CH2O/Z3α-C2H2O-CH2O/Z2β-C2H2O-CH2O 2+

443.1

B4-2H2O 2+

446.1

B4-CH2O/Z4-C2H2O-H2O/Z3α-C2H2O-H2O/Z2β-C2H2O-H2O 2+

452.1

B4-H2O 2+

455.1

Z4-C2H2O/Z3α-C2H2O/Z2β-C2H2O 2+

458.1

Z4-2H2O/Z3α-2H2O/Z2β-2H2O 2+

461.1

B4 2+

467.1

Z4-H2O/Z3α-H2O/Z2β-H2O 2+

470.1

C4 2+

476.1

Z4/Z3α/Z2β 2+

485.1

Y4/Y3α/Y2β 2+

495.0

Z2-H+

506.1

[M+Ca-H2O-C2H2O-CH2O]2+

512.0

[M+Ca-2H2O-C2H2O]2+
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521.1

[M+Ca-H2O-C2H2O]2+

533.1

[M+Ca-2H2O]2+

542.1

[M+Ca-H2O]2+

555.1

C3-3CH2O-H+

585.0

C3-2CH2O-H+

657.1

Y3-3CH2O-C2H2O-H2O-H+

687.1

Y3-CH2O-C2H2O-H2O-H+

747.1

Y3-2CH2O-H+

789.2

Z3-H+

849.2

B4-C2H2O-CH2O-H+/Z4-C2H2O-CH2O-H+/Z3α-C2H2O-CH2O-H+/Z2β-C2H2O-CH2O-H+

951.2

Z4-H+/Z3α-H+/Z2β-H+
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Table 3.9 Product ion list of peaks observed in
the He-CTD spectrum of [M+Ca]2+ at m/z 551.0
m/z

Proposed identity(ies)

239.0

Z2-H2O 2+

247.0

Z2-H2 2+

248.0

Z2 2+

256.0

Y2-H2 2+

257.0

Y2 2+
1,5

262.0
270.0

3,5

X2-H2O 2+

A3/1,5X2-H2 2+
1,5

271.0
0,3

293.0

X2 2+

X2/0,2A3 2+

313.0

B3-H2 2+

314.0

B3 2+

322.0

C3-H2 2+

323.0

C3 2+

328.0
329.0
343.0
344.0

2,4

A4-CH2O-H2 2+

2,4

A4-CH2O 2+

2,4

A4-H2 2+

2,4

A4 2+

394.0

Z3-H2 2+

395.0

Z3 2+

403.0

Y3-H2 2+

404.0

Y3 2+
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1,5

409.0
0,2

410.0

X3-H2O 2+

X3-CH2O/0,3A4-CH2O 2+
3,5

417.0

A4/1,5X3-H2 2+
1,5

418.0
424.0

2,5

425.0

0,2
0,3

431.0

X3-H2O 2+

2,5
0,3

0,3

447.1

0,4

X3/0,2A4 2+

X3-H2O/0,4X2-H2O/0,4X1-H2O 2+
1,5

A4/3,5X3-H2 2+
3,5

448.0
455.0

X3 2+

X3-H2/0,2A4-H2 2+

440.1
446.0

X3/0,3A4 2+

X3-H2O/0,2A4-H2O 2+

433.0
439.1

X3 2+

0,4

X3 2+

X3/0,4X2/0,4X1 2+

460.0

B4-H2 2+

461.0

B4 2+

469.0

C4-H2 2+

470.1

C4 2+

476.1

Z4/Z3α/Z2β 2+

484.0

Y4-H2/Y3α-H2/Y2β-H2 2+

485.0

Y4/Y3α/Y2β 2+

490.1

2,4

A5-H2 2+

497.1

3,5

A5-H2 2+

498.1

3,5

A5 2+
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789.2

Z3-H+

939.2

C4-H+

981.3

2,4

A5-H+

3.4 Conclusions
He-CTD and LE-CID were performed on alkali and alkaline earth metal adducts of a branched
glycan, XXXG, to investigate if the identity of the metal adduct would impact the fragmentation
pathways and structural characterization of the analyte. LE-CID typically generated glycosidic
cleavages and numerous neutral losses, which complicated spectral interpretation. LE-CID of the
[M+K+H]2+ and the [M+Na]+ precursors did generate a few cross-ring cleavages, but they were
not sufficient to identify the 1,4- linkage and 1,6-branching pattern of the XXXG xyloglucan. In
contrast, He-CTD generated abundant and numerous glycosidic and cross-ring cleavages that were
structurally informative and able to identify the 1,4-linkage and 1,6-branching patterns regardless
of the metal adduct. He-CTD of the [M+2Na]2+ and the [M+2K]2+ precursors generated singly
charged product ions from the loss of a sodium ion and potassium ion, respectively. LE-CID and
He-CTD both generated singly charged product ions from divalent metal adducts of magnesium
and calcium. The singly charged fragments derive from the loss of H+ from the product ions, and
these results are similar to previous reports for magnesium and calcium salts undergoing ECD
activation. However, the [M+Mg]2+ precursor generated more singly charged product ions than
[M+Ca]2+, presumably because Mg has a higher second ionization potential than Ca2+. Future work
will focus on the degree of metal coordination with adducts such as sodium or ion pairing agents
and the impact they have on the preservation of labile modifications with He-CTD.
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Chapter 4: The Influence of Na/H Exchange on the Charge Transfer Dissociation (CTD)
Spectra of Mannuronic Acid Oligomers
Submitted to the International Journal of Mass Spectrometry
4.1 Introduction
Mannuronic acid is a monomeric building block of alginates, which are a type of brown
seaweed polysaccharide [191-192]. Alginates are composed of mannuronic acid and the epimer
guluronic acid which differ in stereochemistry at the C5 position [191, 193]. The molecular
structure of alginates is comprised of polymeric mannuronic acid regions (MM), polymeric
guluronic acid regions (GG) and alternating mannuronic and guluronic acid regions (MG) [193].
Mannuronic acid has demonstrated applications in the pharmaceutical industry due to its antiinflammatory properties, including a patent as a nonsteroidal anti-inflammatory drug known as
M2000 [193]. Mannuronic acid also has applications as a probiotic and biofilm due to the
physicochemical properties of the molecule [194-196]. However, the physicochemical properties
and bioactivity of mannuronic acid are strongly correlated with the monomeric structure, which
drives the need for effective structural elucidation [196-197]. H-NMR spectroscopy and X-ray
crystallography have been used to characterize the structure of mannuronic acid [198-199], but the
need to work on smaller and more complex mixtures has driven solutions using chromatography
and/or tandem mass spectrometry.
The structural characterization of oligosaccharides is challenging because they are
polydisperse and contain post-translational modifications, linkage isomers and positional isomers:
however, tandem mass spectrometry has still found considerable success in their analysis [156,
200-201]. Collision-induced dissociation (CID) is commonly found on most mass spectrometers
and is successful in sequencing oligosaccharides by generating glycosidic cleavages; however, the
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lack of cross-ring cleavages in CID means that CID struggles to identify the finer chemical
minutiae, such as localizing post-translational modifications [155-156]. One tactic to help generate
cross-ring cleavages with CID is the addition of metal adducts, and multiple groups have
demonstrated that the addition of sodium, lithium, magnesium and calcium cation adducts to
glycans can generate cross-ring cleavages with CID [157-160, 163, 169] and assist in linkage
isomer analysis. An additional benefit of adding alkali metal adducts is the reduction in the number
of rearrangements that typically occur with CID [156, 166]. Further research has investigated the
exchange of hydrogen ions with metal ions to preserve post-translational modifications such as
sulfation. For example, Zaia and coworkers demonstrated that sulfate loss can be reduced with
CID if the sulfate groups are deprotonated and coupled with metal cations, like calcium, for
glycosaminoglycans [202-204].
Instead of continuing to use CID, other groups have investigated alternative fragmentation
techniques, including high-energy CID [168-169], ultraviolet photodissociation (UVPD) [167],
vacuum ultraviolet photodissociation (VUVPD) [185, 205], electron transfer dissociation (ETD)
[170-171], electron capture dissociation (ECD) [172, 206], free radical activated glycan
sequencing reagent (FRAGS) [173], electron detachment dissociation (EDD) [80, 82] and negative
electron transfer dissociation (NETD) [174-175] for glycan analysis. These techniques have
generated different amounts of cross-ring cleavages for structural characterization. However, some
drawbacks to these techniques are that high-energy CID generates complicated internal fragments
[176], ETD and NETD are limited to multiply charged precursor ions, and ECD and EDD are
mainly used on Fourier transform ion cyclotron resonance (FTICR) mass spectrometers. Recent
developments in ECD experiments have also enabled the implementation of an electron-activated
dissociation (ExD) cell on both an Orbitrap and a QTOF platform [84, 207-208]. In 2014, the
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Jackson lab developed a novel fragmentation technique called charge transfer dissociation (CTD)
[120-121], which uses kiloelectronvolt reagent cations to fragment precursor ions and has
structurally characterized lipids [128], peptides [124], proteins [127], and oligosaccharides [125,
177]. Earlier fast ion/ion reactions by the groups of Schlathölter and Zubarev had focused primarily
on small peptides [116-118]. CTD is capable of chromatographic timescales and has differentiated
a complex isomeric mixture of oligogalacturonans with ultrahigh performance liquid
chromatography (UHPLC) [179]. CTD has demonstrated comparable results to EDD for the
analysis of negatively charged oligosaccharides and preserved labile modifications, such as sulfate
groups [126]. Although CTD has been used to analyze different classes of oligosaccharides with
different types of adducts and charge states, we have not undertaken a systematic study of
something as simple as Na/H exchange. It is well known that the concentration of ubiquitous metal
ions like sodium are difficult to control and minimize in wet chemical processing of biological
samples, and mass spectrometric methods that are insensitive to the extent of sodium ion exchange
are likely to be seen as more promising in practical applications. Therefore, CTD would be
considered more valuable for practical applications if the extent of fragmentation and the obtained
structural characterization was impervious to the extent of sodium/hydrogen exchange.
Consequently, the goals of this research were to examine the impact of Na/H exchange on the CTD
fragmentation of a 6-mer of mannuronic acid, and to determine if CTD could effectively
characterize the structure of this difficult precursor.
4.2 Experimental
Sample Preparation
The polymeric mannuronic acid analyte (MM) had a degree of polymerization of six (DP6)
and was kindly donated by the Sorbonne Université (Paris, France). Samples were purified by high
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pressure size exclusion chromatography (HPSEC) after digestion by a lyase enzyme. The MM
DP6 analyte was prepared into a working solution of 100 ppm in methanol, water and
hexylammonium formate with the pH adjusted to 6. The hexylammonium formate was used to
promote Na/H exchange and was purchased from Sigma-Aldrich (St. Louis, MO, USA) and the
HPLC grade methanol was purchased from Fisher Scientific (Fair Lawn, NJ, USA). The water was
obtained from a Milli-Q purification system (Burlington, Ma, USA). The

18

O labeling on the

reducing end of the MM DP6 analyte was previously described elsewhere [122]. The precursors
selected for CTD included [M+Na]+, [M+2Na-H]+, [M+2Na]2+, [M+3Na-H]2+, [M+3Na-2H]+,
[M+4Na-3H]+, [M+5Na-3H]2+ and [M+6Na-4H]2+. All samples were prepared to a final
concentration of approximately 100 ppm.
Instrumentation
All experiments were conducted on a modified Bruker amaZon 3D Ion Trap (Bruker Daltonics,
Bremen, Germany) [120, 124] that was custom-modified with a saddle-field fast ion source
(VSW/Atomtech, Oxfordshire, UK) placed directly above a 2 mm hole in the ring electrode of a
3D ion trap. A variable leak valve controlled the amount of helium supplied to the CTD ion source,
which typically raised the pressure of the main vacuum chamber to ~1.2x10-5 mbar (uncorrected).
The ion source was triggered by the TTL signal from the MS2 event of the Bruker amaZon and
sent to an Agilent 33250A arbitrary function generator (AFG) (Keysight Technologies, Santa
Rosa, CA, USA), which provided a delay and pulse width that was independently variable of the
MS2 event in the software. The AFG supplied a 4-V square wave that aligned with the
fragmentation portion of the scan function. The 4-V square wave was amplified by a factor of 2000
by an ANT-10B10 fast high-voltage amplifier (Matsusada Precision Inc., Shiga, Japan) to apply a
potential of 8 kV to the ion source, which provided a beam of ~6.8 keV helium ions. A DS1054
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digital oscilloscope (Rigol, Beaverton, OR, USA) compared the trigger waveform from the AFG
with the scan function of the Bruker amaZon to ensure that the high voltage pulses coincided with
the desired storage period of the scan function.
Method
All experiments were conducted in positive polarity mode with the instrument operated in
manual MS/MS mode. The MM DP6 sample was analyzed using the standard Apollo electrospray
ionization (ESI) source (Bruker, Billerica, MA, USA) with a flow rate of 3 µL/min, a capillary
voltage of -4500 V, a dry gas temperature of 220 °C and a dry gas flow rate of 5 L/min. The
nebulizing gas was set to a pressure of 8 psi. Precursor ions were activated by the helium reagent
cation beam for a duration of 100 ms at a kinetic energy of 6.8 keV. The ultra-high purity helium
had a purity of 99.999% and was acquired from Matheson Tri-Gas (Fairmont, WV, USA). An
isolation width of 3.5 Da was used for the [M+2Na-H]+, [M+2Na]2+, [M+3Na-H]2+, [M+3Na-2H]+,
[M+4Na-3H]+, [M+5Na-3H]2+ and [M+6Na-4H]2+ precursor, whereas an isolation width of 3 Da
was used for the [M+Na]+ precursor. The combination of a wide isolation window of 3-3.5 Da and
relatively long ion accumulation period of ~5 ms enabled the trap to be filled to the point of space
charge effects before CTD, and therefore maximize the signal-to-noise ratio of the product ion
spectra. The LMCO value was set to m/z 250 during CTD to aid in the exclusion of ionized pump
oil fragments. Product ions were stored for 100 ms after the 100-ms CTD reaction to reduce the
abundance of background ions.
Bruker Compass Data Analysis 4.0 SP4 software was used for the data analysis. Microsoft
Excel version 14 (Microsoft, Redmond, WA, USA) and ChemSketch version 14.0 (ACD/Labs,
Toronto, Ont., CA) were used for mass spectral plots and chemical structures, respectively.
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Glycoworkbench was used to generate possible product ions [181] and the product ions were
labeled according to the Domon and Costello nomenclature [182]
4.3 Results/Discussion
Figure 4.1 compares He-CTD of the [M+Na]+ and [M+2Na]2+ precursors of the MM DP6
analyte with insets of the product ion maps for each precursor. Both product ion spectra contain a
wide variety of glycosidic and cross ring cleavages that allow a comprehensive structural
characterization of the mannuronic acid. For example, both spectra contain multiple ions of the
type

3,5

An,

2,4

Xn-1,

1,4

A3 and

2,4

An, which can identify the 1,4-linkage pattern between the core

mannuronic acid monomers. When the appropriate pairs of peaks are observed together, the
abundance ratio of the 3,5An product ion peak relative to the corresponding 2,4An product ion peak,
which are 12-Da lighter, is consistently greater than 1. Ratios greater than 1 were also characteristic
in the CTD spectra of β-1,4-linked laminarins. In the previous work on laminarins, which did not
employ

18

O labeling, the

2,4

An fragments were isobaric with the

0,2

Xn-1 series, so the relative

contributions of the two possible assignments could not be resolved [129]. However, the
labeling employed here for MM DP6 allowed for the unambiguous identification of the

18

2,4

O

An

product ions, and 0,2Xn-1 ions were not observed. In the previous work, CTD spectra of different β1,3-linked celluloses provided characteristic ratios smaller than 0.2 for the abundance of 3,5An ions
relative to their corresponding 1,3An/2,4An /0,2Xn-1 product ions. Whereas the pairs of 3,5An and 2,4An
peaks for MM DP6 were not regularly observed throughout the product ion spectra, when they
were both observed, the ratios were consistently greater than 1, which is consistent with previous
findings for β-1,4-linkages [129]. The identification of the 1,4-linkage pattern is not unique to the
monomeric building block of mannuronic acid but seems to be more of a general pattern.
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One of the limiting factors of electron-based fragmentation techniques, such as ETD and ECD,
is that they are limited to multiply charged precursors. In contrast, He-CTD is able to successfully
analyze singly charged product ions, as shown in Figure 4.1a for the sodiated precursors with no
exchanged acidic protons, [M+Na]+ at m/z 1081.3. Most of the product ions are also in the 1+
charge state, although the doubly charged radical CTnoD peak is readily observed at m/z 540.4 as
[M+Na]2+•. In Figure 4.1a, the two product ions labeled 0,2A2 and 3,5A3 are shown with gold arrows
in the product ion map. These fragments are isobaric with

2,4

X1+Na-H2O-H2 and

1,4

A3+Na-H2,

respectively, so their assignment is ambiguous. However, for m/z 552.0 as the [M+Na]2+ precursor
in Figure 4.1b, the mass of the extra sodium resolves the isobaric species and there are no
ambiguous product ions. For the 2+ precursor, most of the product ions are also in the 2+ charge
state, although many 1+ ions containing one sodium ion are apparent at m/z values greater than the
precursor. Both spectra contain a wealth of cross ring fragments, so are almost equally efficacious.
However, the [M+2Na]2+ precursor provided no ambiguous fragments, so the [M+2Na]2+
precursor has a slight advantage.
The CTnoD peak at m/z 540.5 in the [M+Na]+ spectrum is the result of charge transfer without
any fragmentation. This 2+ precursor is likely an intermediate in the fragmentation pathway to all
the 2+ and many of the 1+ ions. The presence of the CTnoD peak in the MM DP6 spectrum
correlates well with previous CTD experiments, which showed that precursors lacking regions of
high electron density in the target molecule are more likely to exhibit a CTnoD peak [122, 178].
For the electron stopping mechanism of ionization, which is akin to electron excitation by a fast
point charge, regions of high electron density enable activation energies in excess of 100 eV when
the charged projectile has kinetic energies on the order of tens of kiloelectronvolts [117-118]. With
activation energies greater than 100 eV, the oxidized product ion (CTnoD peak) is typically very
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short lived and proceeds to readily fragment. For precursor ions that have less electron density and
therefore a greater propensity for the charge transfer mechanism, the excitation energies are
considerably smaller, say in the tens of eVs range, and the CTnoD peak has a higher chance of
survival [117-118, 178].
Overall, He-CTD of the [M+Na]+ and the [M+2Na]2+ precursors generated glycosidic and
cross-ring cleavages that were helpful in the structural elucidation of MM DP6. Due to the large
number of product ions generated for each of the precursors tested, not all of the product ions could
be labeled in each spectrum without overcrowding the labels. Therefore, product ion lists were
created that listed out all the product ions generated in each spectrum. The tables helped to create
product ion maps. For instance, Table 4.1 lists out all the product ions generated in the He-CTD
spectrum of the [M+2Na]2+ precursor. Similarly, the product ion lists for the [M+Na]+, [M+2NaH]+ [M+3Na-H]2+, [M+3Na-2H]+, [M+4Na-3H]+, [M+5Na-3H]2+ and [M+6Na-4H]2+ precursors
can be found in Table 4.2-Table 4.8.
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1081.3
He-CTD
a)

b)

552.0
He-CTD

Figure 4.1 He-CTD product ion mass spectra of MM DP6 with insets of the product ion map
for each precursor: a) He-CTD of [M+Na]+ precursor at m/z 1081.3; b) He-CTD of [M+2Na]2+
precursor at m/z 552.0. Dark blue arrows represent unambiguous product ion identities and gold
arrows represent ambiguous product ion identities due to alternative isobaric product ions.
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Table 4.1 Product ion list of peaks observed in the He-CTD
spectrum of [M+2Na]2+ at m/z 552.0
m/z

Identity

268.8
286.9
313.0
315.0
331.0
333.0
357.0
373.0
375.0
393.0
395.0
398.0
399.0
402.0
423.0
429.0
442.0
445.0
454.0

3,5A2+Na

[C3+2Na]2+
0,2A2+Na-H2
0,2A2+Na
[1,4X3-H2O]2+
2,4X1-H2
B2+Na
C2+Na-H2
C2+Na
Y2+Na-H2
Y2+Na
1,5
[ X4+2Na-H2]2+
[1,5X4+2Na]2+
[1,4A5+Na-H2O]2+
1,5X2+Na
1,4A3+Na
[2,4X4+2Na-H2]2+
3,5A3+Na
[B5+2Na]2+

m/z
Identity cont.
cont.
463.0
[C5+2Na]2+
487.0
[1,5X5+2Na]2+
490.0 [1,4A6+2Na-H2O]2+
493.5
[0,3A6+Na-H2]2+
498.0
[3,5A6+2Na]2+
533.0
B3+Na
552.0
[M+2Na]2+
571.0
Y3+Na
2,4
593.0
A4+Na
1,5X3+Na-H2
597.0
1,5X3+Na
599.0
3,5A4+Na
621.0
709.0
B4+Na
747.1
Y4+Na
2,4
769.0
A5+Na
1,5X4+Na
775.0
885.1
B5+Na
1103.1
[M+2Na-H]+
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Table 4.2 Product ion list of peaks observed in the He-CTD
spectrum of [M+Na]+ at m/z 1081.3
m/z

Identity(ies)

268.8

3,5

A2+Na

298.9

2,5

A2+Na

313.0

0,2

315.0

0,2

A2-H2

A2+Na/2,4X1+Na-H2O-H2
2,4

317.0

X1+Na-H2O
1,5

329.0

2,4

333.0

X1+Na-H2

2,4

335.0

A2+Na

X1+Na

357.0

B2+Na

373.0

C2+Na-H2

375.0

C2+Na

393.0

Y2+Na-H2

395.0

Y2+Na
1,4

403.0

1,5

423.0
1,4

429.0
445.0

3,5

X2+Na

A3+Na-H2O

A3+Na/1,4A3+Na-H2
1,4

447.0
463.0

A3+Na-CO2

1,4

A3+Na

X2+Na-H2O

472.5

[2,4A6+Na]2+

482.5

[0,2X5+Na]2+
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2,4

509.1

X2+Na-H2

533.0

B3+Na

540.5

[M+Na]2+•

549.0

C3+Na-H2

551.0

C3+Na

569.0

Y3+Na-H2

571.1

Y3+Na

579.0
597.0

1,5

X3+Na-H2O-H2
1,5

X3+Na-H2

599.1

1,5

X3+Na

621.0

3,5

A4+Na

691.0

B4+Na-H2O

709.1

B4+Na

727.1

C4+Na

745.1

Y4+Na-H2

747.1

Y4+Na

768.1

2,4

1,5

775.1
781.1
797.1

A5+Na-H•

3,5

X4+Na

A5+Na-H2O
3,5

A5+Na

867.1

B5+Na-H2O

885.1

B5+Na

1081.3

[M+Na]+
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Figure 4.2 shows a comparison between He-CTD of the [M+3Na-2H]+ and [M+3Na-H]2+
precursors of MM DP6, with product ion maps inserted. Figure 4.2a shows the [M+3Na-2H]+
precursor, which contains two Na/H exchanges and a third sodium ion as the charging adduct. In
Figure 4.2b, the [M+3Na-H]2+ precursor contains a single Na/H exchange and two sodium cations
to form a doubly charged precursor. He-CTD of both precursors generated numerous glycosidic
cleavages and cross-ring cleavages with similar product ions. Again, the abundance ratio of 3,5An
peaks to the corresponding

2,4

An peaks is greater than 1, which is consistent with 1-4-linked

oligosaccharides [129], as mentioned above for Figure 4.1. However, for the [M+3Na-H]2+
precursor, the 2,4An fragments are now isobaric with the Yn product ions, so their identity is still
ambiguous. Still, the 3,5A2 ion in the CTD spectrum of [M+3Na-2H]+ is not possible for 1-3-linked
oligosaccharides, so the linkage position can be unambiguously identified as 1-4.
Similar product ions were also generated from the [M+2Na-H]+ precursor ion in Figure 4.3.
However, when comparing the CTD spectra of the two precursors, He-CTD of the [M+3Na-2H]+
precursor generated more cross-ring cleavages than for the [M+3Na-H]2+ precursor. The main
differences occur at the third mannuronic acid residue from the reducing end, where the 3,5A4 crossring cleavage is absent with CTD of the [M+3Na-H]2+ precursor, and this absence hinders the
ability to confirm the 1-4-linkage pattern between the mannuronic acid residues. Even though the
3,5

A4 product ion is absent in the [M+3Na-H]2+ spectrum, He-CTD generated more structurally

informative peaks than CID of MM DP5, which is dominated by glycosidic cleavages [209].
Both product ion maps in Figure 4.2 are dominated by ambiguous product ions in gold, which
is in stark contrast to the unambiguous product ion maps in dark blue in Figure 4.1. The numerous
ambiguous product ions present in Figure 4.2 are attributed to the Na/H exchanges, which caused
multiple isobaric product ion identities, especially with 18O labeled products. Unlabeled MM DP6
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might have alleviated some of the overlap, but at the expense of creating new isobars. Even though
there are many ambiguous product ions present in the product ion spectra for both precursors, the
18

O labeling on the reducing end of the MM DP6 analyte helped reduce the number of ambiguous

product ions and was able to help differentiate some nonreducing end fragments from reducing
end fragments, like the C3 and Z3 product ions. Without 18O labeling, the C3 and Z3 fragments also
would have been isobaric.
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1125.1
He-CTD
a)

b)

563.0
He-CTD

Figure 4.2 He-CTD product ion mass spectra of MM DP6 with insets of the product ion map
for each precursor: a) He-CTD of [M+3Na-2H]+ precursor at m/z 1125.1; b) He-CTD of
[M+3Na-H]2+ precursor at m/z 563.0. Dark blue arrows represent unambiguous product ion
identities and gold arrows represent ambiguous product ion identities due to alternative isobaric
product ions.
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Table 4.3 Product ion list of peaks observed in the He-CTD spectrum
of [M+3Na-2H]+ at m/z 1125.1
m/z

Identity(ies)
2,4

262.8
1,5

268.8

0,3

313.0

X1+2Na-H+/3,5A2+Na

X1+2Na-H+/0,2A2+Na-H2
0,2

315.0
329.0

A2+2Na-H+

3,5

A2+Na

X1+2Na-H+/1,5A2+Na/ C2+Na-CO2-H2

331.0

Z2+Na-CO2-H2/C2+Na-CO2

333.0

Z2+Na-CO2

355.0

2,4

X1+2Na-H+-H2/B2+Na-H2
2,4

357.0
373.0

1,5

X1+2Na-H+/B2+Na

A2+3Na-2H+/ C2+Na-H2

375.0

C2+Na/ Z2+Na-H2

377.0

Z2+Na/2,4X1+3Na-2H+-H2/B2+2Na-H+-H2

379.0

2,4

X1+3Na-2H+/B2+2Na-H+

395.0

Y2+Na/C2+2Na-H+-H2

397.0

C2+2Na-H+

410.0
417.0

1,5

X4+3Na-H+ 2+/3,5A5+2Na 2+
Y2+2Na-H+/2,4A3+Na
1,5

423.0
438.9
445.0
453.0

X2+Na

Y2+3Na-2H+/2,4A3+2Na-H+
1,5

X2+2Na-H+/3,5A3+Na

[Z5+3Na-H+-CO2]2+
113

474.0

[C5+3Na-H+]2+/[Z5+3Na-H+-H2]2+

475.0

[Z5+3Na-H+]2+

504.5

[0,2X5+3Na-2H+]2+

509.0

[3,5A6+3Na-H+]2+/[0,3X5+2Na]2+

531.0

[0,2A6+3Na-H+-H2]2+

532.0

[0,2A6+3Na-H+]2+

540.5

[M+3Na-2H+-CO2]2+

562.5

[M+3Na-2H+]2+•

571.0

Y3+Na/ C3+2Na-H+-H2

573.0

C3+2Na-H+/ Z3+2Na-H+-H2

575.0

Z3+2Na-H+
1,5

599.1

Y3+3Na-2H+/2,4A4+2Na-H+

615.0

3,5

621.0
643.0

1,5

X3+2Na-H+-H2/B4+Na-H2
C4+2Na-H+

749.1
1,5

797.1

1125.1

A4+Na/1,5X3+2Na-H+

X3+3Na-2H+/3,5A4+2Na-H+/0,3X3+Na
2,4

707.1

819.1

X3+Na

1,5

X4+2Na-H+/3,5A5+Na

X4+3Na-2H+/3,5A5+2Na-H+/0,3X4+Na
[M+3Na-2H+]+
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Table 4.4 Product ion list of peaks observed in the He-CTD
spectrum of [M+3Na-H]2+ at m/z 563.0
m/z

Identity(ies)
1,5

268.8

0,3

313.0

X1+2Na-H+/3,5A2+Na

X1+2Na-H+/0,2A2+Na-H2
0,2

315.0
329.0

3,5

X1+2Na-H+/1,5A2+Na/ C2+Na-CO2-H2

331.0
357.0

A2+Na

C2+Na-CO2
2,4

X1+2Na-H+/B2+Na

375.0

C2+Na

393.0

Y2+Na-H2

395.0

Y2+Na/ C2+2Na-H+-H2

397.0

C2+2Na-H+

399.0

[1,5X4+2Na]2+

410.0

[1,5X4+3Na-H+]2+/[3,5A5+2Na]2+

417.0

Y2+2Na-H+/2,4A3+Na
1,5

423.0

[2,4X4+2Na-H2]2+

442.0
445.0

X2+Na

1,5

X2+2Na-H+/3,5A3+Na

493.5

[0,2X5+2Na-H+]2+

498.0

[1,5X5+3Na-H+]2+/[3,5A6+2Na]2+

529.5

[M+2Na-H+-CO2]2+

533.0
563.0

2,4

X2+2Na-H+/B3+Na
[M+3Na-H+]2+
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571.0

Y3+Na/ C3+2Na-H+-H2

573.0

C3+2Na-H+
1,5

599.0
709.0

2,4

X3+Na

X3+2Na-H+/B4+Na

727.1

C4+Na

1125.1

[M+3Na-2H+]+

116

1103.1
He-CTD

Figure 4.3 He-CTD spectra of [M+2Na-H]+ precursor at m/z 1103.1 of MM DP6 with inset of
the product ion map. In the product ion map dark blue arrows represent unambiguous product
ion identities, whereas gold arrows represent ambiguous product ion identities due to
alternative isobaric product ions.
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Table 4.5 Product ion list of peaks observed in the He-CTD
spectrum of [M+2Na-H]+ at m/z 1103.1
m/z

Identity(ies)
2,4

262.8
268.8

1,5

X1+2Na-H+/3,5A2+Na
[C3+2Na]2+

286.9
0,3

294.9
313.0

0,3

X1+2Na-H+-H2O

X1+2Na-H+/0,2A2+Na-H2
0,2

315.0
329.0

A2+2Na-H+

3,5

A2+Na

X1+2Na-H+/1,5A2+Na

331.0

Z2+Na-CO2-H2

333.0

Z2+Na-CO2

355.0

B2+Na-H2/2,4X1+2Na-H+-H2

357.0

B2+Na/2,4X1+2Na-H+

373.0

C2+Na-H2

375.0

C2+Na/Z2+Na-H2

377.0

Z2+Na/B2+2Na-H+-H2

379.0

B2+2Na-H+

393.0

Y2+Na-H2

395.0

Y2+Na/C2+2Na-H+-H2

397.0

C2+2Na-H+/Z2+2Na-H+-H2

399.0

Z2+2Na-H+

403.0
423.0

1,4

A3+Na-CO2
1,5

X2+Na
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433.0

[0,2A5+2Na]2+

442.0

[2,4X4+2Na-H2]2+

445.0

1,5

X2+2Na-H+/3,5A3+Na/1,4A3+Na-H2
1,4

447.0

A3+Na

463.0

[C5+2Na]2+/[Z5+2Na-H2]2+

464.0

[Z5+2Na]2+

491.0

Z3+Na-CO2-H2O

509.0

Z3+Na-CO2

521.0

[0,2A6+2Na]2+

529.5

[M+2Na-H+-CO2]2+

533.0

B3+Na/2,4X2+2Na-H+

549.0

Y4+2Na-H+-CO2/2,4A4+Na-CO2

551.0

[M+2Na-H2]2+

551.5

[M+2Na-H+]2+•

552.0

[M+2Na]2+

553.0

Z3+Na

571.0

C3+2Na-H+-H2/Y3+Na

573.0

C3+2Na-H+

593.1

Y3+2Na-H+/2,4A4+Na

621.1
667.1

1,5

X3+2Na-H+/3,5A4+Na
0,2

A4+Na

685.1

Z4+Na-CO2

709.1

B4+Na/2,4X3+2Na-H+

725.1

C4+Na-H2
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727.1

C4+Na

729.1

Z4+Na

747.1

Y4+Na

769.1

2,4

1,5

775.1
797.1
1103.1

A5+Na/Y4+2Na-H+

3,5

X4+Na

A5+Na/1,5X4+2Na-H+
[M+2Na-H+]+

Figure 4.4 shows a comparison of the product ion maps for the He-CTD spectra of the
[M+4Na-3H]+, [M+5Na-3H]2+ and [M+6Na-4H]2+ precursors of MM DP6. The corresponding
spectra for each product ion map are provided in Figure 4.5. As before, the dark blue arrows
represent unambiguous cleavages and the gold arrows represent ambiguous cleavages. Each of the
product ion maps has extensive fragmentation including a combination of glycosidic and crossring cleavages, but with fewer fragment ions at the reducing and nonreducing termini, which is
consistent with He-CTD of oligogalacturonans [179]. The product ion maps in Figure 4.2 focused
on a comparison of the same number of sodium atoms with a different number of Na/H exchanges,
whereas the product ion maps in Figure 4.4 focus on an increase in the number of sodium atoms.
As the number of sodium atoms increases with the [M+4Na-3H]+ and [M+5Na-3H]2+ precursors
in Figure 4.4a and Figure 4.4b the number of cross-ring cleavages increases. However, with six
sodium ions present in the [M+6Na-4H]2+ precursor in Figure 4.4c, the number of cross-ring
cleavages does not increase, but instead decreases. In the analysis of sodiated glycosaminoglycans
using EDD, the Amster group has demonstrated that increasing the number of sodium cations can
ionize SO3 groups and help prevent SO3 loss, but a threshold exists for the optimum number of
sodium adducts beyond which the number of glycosidic and cross-ring cleavages decreases as
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additional sodium cations are added [210]. Due to the decrease in cross-ring fragmentation of the
highly sodiated precursors, the carboxyl hydrogens in glycosaminoglycans may play a role in the
generation of cross-ring fragments though hydrogen rearrangements for EDD fragmentation [210].
Based on the similar results observed with EDD of glycosaminoglycans, a similar phenomenon
could explain the difference in the He-CTD fragmentation between the [M+4Na-3H]+, [M+5Na3H]2+ and [M+6Na-4H]2+ precursors of MM DP6. Another possibility could be that as more
sodium atoms are added, the ionization efficiency decreases and the product ion yield decreases.
When the precursor ions were isolated prior to fragmentation for every sample, the absence of
chromatographic or ion mobility separation implies that a mixture of adduct-position conformers
may be present before exposure to the CTD beam. The exact location of the sodium ions is
unknown, and for convenience, the sodium ions are arbitrarily shown to exchange the hydrogen
ions from the non-reducing terminus towards the reducing terminus. However, He-CTD of the
[M+4Na-3H]+ precursor ion in Figure 4.4a has unambiguous product ions with the identities
C3+4Na-3H+ and C2+3Na-2H+, which establishes that one of the major conformers isolated and
fragmented had three sodium ions which participated in Na/H exchanges on the nonreducing end,
just as shown in the product ion map. Also, the presence of an unambiguous Y2+3Na-2H at m/z
439 indicates that at least one conformer contains two Na/H-exchanged sodium ions on the
reducing end. He-CTD of the [M+5Na-3H]2+ precursor in Figure 4.4b also had an unambiguous
C2+3Na-2H+ product ion, which also confirmed that one of the major conformations contains two
Na/H exchanges on the nonreducing end. The location of the third sodium was not obvious.
For He-CTD of the [M+6Na-4H]2+ precursor in Figure 4.4c, the spectrum also had
unambiguous C3+4Na-3H+ and C2+3Na-2H+ product ions, which confirmed the presence of three
adjacent sodium ions on the reducing end but could not locate the final Na/H exchange. All three
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precursors containing three or more Na/H exchanges, provided unambiguous evidence that one or
more of the abundant conformers contains three adjacent Na/H exchanges on the nonreducing end.
The carboxylic acid on the non-reducing terminus is likely the most acidic because of the enhanced
conjugation due to the double bond from enzymatic digestion. However, we cannot offer a good
reason why the second and third positions from the non-reducing terminus might then be favored
over the other possible exchange positions.
a)

[M+4Na-3H]+

b)

[M+5Na-3H]2+

c)

[M+6Na-4H]2+

Figure 4.4 Product ion maps for He-CTD of each precursor of MM DP6: a) He-CTD of
[M+4Na-3H]+ precursor at m/z 1147.1; b) He-CTD of [M+5Na-3H]2+ precursor at m/z 585.0;
c) He-CTD of [M+6Na-4H]2+ precursor at m/z 596.0. Dark blue arrows represent unambiguous
product ion identities and gold arrows represent ambiguous product ion identities due to
alternative isobaric product ions.
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a)

b)

[M+4Na-3H]+

1147.1
He-CTD

[M+5Na-3H]2+

585.0
He-CTD

123

c)

[M+6Na-4H]2+

596.0
He-CTD

Figure 4.5 He-CTD product ion mass spectra of MM DP6 for each precursor: a) He-CTD of
[M+4Na-3H]+ precursor at m/z 1147.1; b) He-CTD of [M+5Na-3H]2+ precursor at m/z 585.0; c)
He-CTD of [M+6Na-4H]2+ precursor at m/z 596.0.
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Table 4.6 Product ion list of peaks observed in the He-CTD spectrum of
[M+4Na-3H]+ at m/z 1147.1
m/z

Identity(ies)
2,4

262.8
1,5

268.8

A2+2Na-H+

X1+2Na-H+/3,5A2+Na

280.8

0,2

309.0

C2+2Na-H+-2CO2
3,5

329.0

X1+2Na-H+-H2

X1+2Na-H+/1,5A2+Na

331.0

Z2+Na-CO2-H2

333.0

Z2+Na-CO2

355.0
357.0

2,4

X1+2Na-H+-H2/B2+Na-H2
2,4

X1+2Na-H+/B2+Na

375.0

C2+Na/ Z2+Na-H2

377.0

Z2+Na/ B2+2Na-H+-H2/2,4X1+3Na-2H+-H2

379.0

B2+2Na-H+/2,4X1+3Na-2H+

395.0

Y2+Na/C2+2Na-H+-H2

397.0

C2+2Na-H+

417.0

Y2+2Na-H+/2,4A3+Na/C2+3Na-2H+-H2

419.0

C2+3Na-2H+

439.0

Y2+3Na-2H+

445.0

1,5

X2+2Na-H+/3,5A3+Na

464.0

[Z5+2Na]2+

485.0

[C5+4Na-2H+]2+

509.0

[0,3X5+2Na]2+
125

[0,2X5+4Na-3H]2+

515.5
531.0

2,4

A4+Na-CO2-H2O/Y3+2Na-H+-CO2-H2O
[M+4Na-3H-CO2]+

551.5

2,4

593.0

A4+Na/Y3+2Na-H+

615.0

C3+4Na-3H+-H2/Y3+3Na-2H+/2,4A4+2Na-H+

617.0

C3+4Na-3H+
1,5

621.0
819.1
1147.1

1,5

X3+2Na-H+/3,5A4+Na

X4+3Na-2H+/3,5A5+2Na-H+/0,3X4+Na
[M+4Na-3H]+

126

Table 4.7 Product ion list of peaks observed in the He-CTD spectrum of [M+5Na-3H]2+ at
m/z 585.0
m/z

Identity(ies)
2,4

262.8
1,5

268.8

X1+2Na-H+/3,5A2+Na
0,2

280.9
3,5

290.9

0,3

X1+2Na-H+

[2,5X3+2Na-H2]2+

325.0
1,5

331.0

A2+2Na-H+-H2O-H2

1,5

333.0

A2+2Na-H+-H2O

[1,5X3+5Na-3H]2+/[3,5A4+4Na-2H]2+/[0,3X3+3Na-H+]2+
1,5

351.0
2,4

355.0
357.0

X1+2Na-H+-H2

A2+2Na-H+/0,3X1+Na

313.0

344.0

A2+2Na-H+

2,4

A2+2Na-H+

X1+2Na-H+-H2O/B2+Na-H2O

X1+2Na-H+/B2+Na/ Z2+Na-H2O-H2

359.0

Z2+Na-H2O

375.0

C2+Na/ Z2+Na-H2

376.0

[Z4+2Na]2+

377.0

Z2+Na/ B2+2Na-H+-H2/2,4X1+3Na-2H+-H2

379.0

B2+2Na-H+/2,4X1+3Na-2H+

395.0

Y2+Na/ C2+2Na-H+-H2

397.0

C2+2Na-H+

417.0

Y2+2Na-H+/2,4A3+Na/ C2+3Na-2H+-H2

419.0

C2+3Na-2H+
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[0,3X4+2Na]2+/[3,5A5+3Na-H+]2+/[1,5X4+4Na-2H+]2+

421.0

0,2

437.0

X2+Na/ Y2+3Na-2H+-H2/2,4A3+2Na-H+-H2
Y2+3Na-2H+/2,4A3+2Na-H+

439.0

1,5

445.0

0,3

461.0

X2+2Na-H+/3,5A3+Na

A3+Na/2,4A3+3Na-2H+

463.0

[C5+2Na]2+/[Z5+2Na-H2]2+

464.0

[Z5+2Na]2+

475.0

[Z5+3Na-H+]2+

485.0

[C5+4Na-2H+]2+

555.0

B3+2Na-H+/2,4X2+3Na-2H+

585.0

[M+5Na-3H]2+

593.0

Y3+2Na-H+/2,4A4+Na/C3+3Na-2H+-H2

595.0

C3+3Na-2H+
2,4

753.0
815.0
833.0
835.0
1169.0

2,4

X3+4Na-3H+/B4+3Na-2H+

A5+4Na-3H+-H2-H2O/0,3A5+2Na-H+-H2-H2O/3,5X4+Na-H2-H2O
2,4

A5+4Na-3H+-H2/0,3A5+2Na-H+-H2/3,5X4+Na-H2
2,4

A5+4Na-3H+/0,3A5+2Na-H+/3,5X4+Na
[M+5Na-4H]+
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Table 4.8 Product ion list of peaks observed in the He-CTD spectrum
of [M+6Na-4H]2+ at m/z 596.0
m/z

Identity(ies)
2,4

262.8
1,5

266.8

X1+2Na-H+-H2/3,5A2+Na-H2
1,5

268.9

X1+2Na-H+/3,5A2+Na
0,2

280.9

X1+2Na-H+-H2

0,2

282.9

3,5

290.9

C2+2Na-H+-2CO2
0,3

313.0

1,5

A2+2Na-H+-H2O-H2

1.5

333.0
1,5

359.0
373.0

A2+2Na-H+-H2O

A2+2Na-H+/ C2+2Na-H+-CO2-H2
C2+2Na-H+-CO2

353.0

357.0

X1+2Na-H+

Y3+4Na-2H+ 2+/2,4A4+3Na-H+ 2+

331.0

355.0

A2+Na

A2+2Na-H+/0,3X1+Na

308.9

351.0

X1+2Na-H+
0,3

284.8

318.9

A2+2Na-H+

2,4

X1+2Na-H+-H2/B2+Na-H2
2,4

X1+2Na-H+/B2+Na
Z2+Na-H2O
1,5

A2+3Na-2H+

375.0

[C4+2Na]2+

376.0

[Z4+2Na]2+

377.0

Z2+Na/2,4X1+3Na-2H+-H2/B2+2Na-H+-H2
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2,4

379.0

X1+3Na-2H+/B2+2Na-H+

395.0

Y2+Na/ C2+2Na-H+-H2

397.0

C2+2Na-H+

417.0

Y2+2Na-H+/2,4A3+Na/ C2+3Na-2H+-H2

419.0

C2+3Na-2H+

421.0
437.0

1,5

X4+4Na-2H+ 2+/3,5A5+3Na-H+ 2+/0,3X4+2Na 2+

0,2

X2+Na/ Y2+3Na-2H+-H2/2,4A3+2Na-H+-H2

439.0

Y2+3Na-2H+/2,4A3+2Na-H+

464.0

[Z5+2Na]2+

475.0

[Z5+3Na-H+]2+

507.0

Z3+Na-CO2-H2

509.1

Z3+Na-CO2

531.0

Z3+2Na-H+-CO2

553.0

Z3+Na/2,4X2+3Na-2H+-H2/B3+2Na-H+-H2

555.0

2,4

X2+3Na-2H+/B3+2Na-H+/0,2A3+4Na-3H+-H2
0,2

557.0
575.0

A3+4Na-3H+

Z3+2Na-H+/2,4X2+4Na-3H+-H2/B3+3Na-2H+-H2
2,4

577.0

X2+4Na-3H+/B3+3Na-2H+

587.0

[M+6Na-4H-H2O]2+

596.0

[M+6Na-4H]2+

613.0

0,2

X3+Na/ Y3+3Na-2H+-H2/2,4A4+2Na-H+-H2

615.0

Y3+3Na-2H+/2,4A4+2Na-H+/ C3+4Na-3H+-H2

617.0

C3+4Na-3H+

1191.0

[M+6Na-5H]+
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Figure 4.6 shows the product ion maps for He-CTD of the [M+2Na]2+ and [M+5Na-3H]2+
precursor ions. The [M+2Na]2+ precursor ion has no Na/H exchanges, whereas the [M+5Na-3H]2+
precursor ion has three Na/H exchanges. Both product ion maps have numerous glycosidic and
cross-ring cleavages, but the [M+5Na-3H]2+ product ion map appears to have more extensive
cross-ring fragmentation, especially for X ions. The reduced number of hydrogen atoms in
precursors like [M+5Na-3H]2+ reduce the extent of intra-molecular hydrogen bonding and the
availability of mobile protons, and these factors apparently reduce the probability and abundance
of glycosidic cleavages relative to cross ring cleavages. The corollary is that precursors containing
stabilizing sodium adducts are more likely to generate cross-ring cleavages.
The

3,5

A5 product ion is absent in the [M+2Na]2+ product ion map because its S/N was

questionable in the spectrum. The 3,5A5 product ion is the only structurally informative ion present
for [M+5Na-3H]2+ precursor and missing for the [M+2Na]2+ precursor. This particular fragment
could confirm the 1-4-linkage pattern between the second and third mannuronic acid residues at
the reducing end. All of the additional cross-ring product ions shown in the [M+5Na-3H]2+ product
ion map do not provide any supplemental structural information and are ambiguous, whereas all
the product ions shown in the [M+2Na]2+ product ion map are unambiguous. An added benefit of
the [M+2Na]2+ product ion spectrum is that no CO2 losses was observed. The lack of CO2 losses
meant that significantly less ambiguity occurred in the absence of Na/H exchange relative to
precursors containing Na/H exchanges.
For CTD, oligosaccharide precursors containing Na/H exchanges should therefore be avoided
unless CTD can be performed on a high-resolution mass spectrometer (HRMS). EDD and ECD
are both typically performed on FTICR mass spectrometers, so there isn’t a concern about
resolution capabilities and there is less ambiguity associated with the identity of nominally isobaric
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product ions. In EDD and ECD, Na/H exchange is used to minimize or suppress the loss of labile
sulfate groups [211], so future work should include performing CTD on sulfated oligosaccharides
with and without Na/H exchange to see if there is less sulfate loss with the Na/H exchanges and if
the benefit of less sulfate loss outweighs the ambiguity of the CTD measurements performed on
an ion trap instrument.
a)

b)

Figure 4.6 Product ion maps for He-CTD of each precursor of MM DP6: a) He-CTD of
[M+2Na]2+ precursor at m/z 552.0; b) He-CTD of [M+5Na-3H]2+ precursor at m/z 585.0. Dark
blue arrows represent unambiguous product ion identities and gold arrows represent ambiguous
product ion identities due to alternative isobaric product ions.

4.4 Conclusions
He-CTD was used to characterize the structure of mannuronic acid and to examine the impact
of Na/H exchange on the fragmentation pathways. He-CTD was first used to analyze the [M+Na]+
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and [M+2Na]2+ precursors of MM DP6 without Na/H exchange and was able to determine the 14-linkage pattern between the mannuronic acid residues with multiple product ions including 3,5An,
2,4

Xn, 1,4A3 and

2,4

An cross-ring cleavages. The identification of the 1,4-linkage position was not

dependent on the identity of the monomeric building block, but on the numerous cross-ring
cleavages generated by CTD. The CTnoD peak was present in the [M+Na]+, [M+2Na-H]+ and the
[M+3Na-2H]+ product ion spectra for each precursor, and is expected to be due to the lack of high
electron density regions in the MM DP6 analyte and the enhanced contribution of the charge
transfer mechanism, which has a lower activation energy than the electron stopping mechanism.
He-CTD spectra of [M+3Na-H]2+ and [M+3Na-2H]+ showed that as the number of Na/H
exchanges increased the number of cross-ring fragments also increased. He-CTD of the [M+4Na3H]+, [M+5Na-3H]2+ and [M+6Na-4H]2+ precursors, showed that the number of glycosidic and
cross-ring fragments increased through [M+5Na-3H]2+ before decreasing for the [M+6Na-4H]2+
precursors. A similar phenomenon occurs with EDD of glycosaminoglycans and is thought to be
due to the possible involvement of carboxyl hydrogens generating cross-ring fragments through
hydrogen rearrangements.
He-CTD of [M+4Na-3H]+ showed unambiguous C3+4Na-3H+ and C2+3Na-2H+ product ions,
which demonstrate that one of the abundant conformers contained three adjacent Na/H exchanges
on the nonreducing end. No chromatography or ion mobility occurred prior to isolation and
fragmentation, so multiple permutations of conformers are possible for each precursor mass. The
significant difference between the He-CTD product ion spectra with and without Na/H exchange
was that the spectra without Na/H exchanges included mainly unambiguous product ions, whereas
the spectra with Na/H exchanges contained a majority of ambiguous product ions. The 18O labeling
on the reducing end helped alleviate some of the ambiguity in the identity of the product ions, but
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there were many isobaric product ions generated due to possible product ions from the Na/H
exchanges. If He-CTD could be coupled to HRMS, the enhanced mass resolution could help
resolve the nominal isobars in the current spectra and determine the true benefits of Na/H exchange
with He-CTD. Until He-CTD is coupled to HRMS, precursors without Na/H exchange should be
targeted because the spectra are still adequately rich and contain a minority of ambiguous
assignments.
Conclusions and Future Work
CTD has had previous success fragmenting a variety of biomolecules including proteins,
peptides, lipids, and oligosaccharides but the fundamentals of the technique had yet to be fully
investigated. This dissertation explored the fundamentals of CTD by investigating alternative
reagent gases for activation by CTD, the impact of metal adducts on the fragmentation pathways
of glycans and the influence of Na/H exchanges on the types of fragment generated by CTD. The
results have led to new information regarding the mechanism of CTD and new directions for future
CTD experiments.
Chapter 2 focused on the investigation of alternative reagent gases due to the helium shortage
crisis and the need to learn more about the charge transfer process during CTD. The results
demonstrated that Ar, H2, O2, N2, and lab air could generate comparable sequence coverage and
fragmentation efficiency to He-CTD of a model peptide, bradykinin, and a model oligosaccharide,
κ-carrageenan DP4. Not only are these results beneficial for the environment, but they shed light
on the underlying mechanism of CTD which indicates that the ionization energy of the reagent
cation has minimal impact on the fragmentation process of CTD. The dominant process appears
to be attributed to the electron stopping mechanism which involves the long-range electron-hole
coupling between the projectile and the target ion.

134

Chapter 3 studied how the fragmentation pathways of CTD would be affected by the addition
of metal adducts to a branched glycan. Regardless of the identity of the metal adduct, CTD was
able to generate structurally informative product ions and identify the 1,4-linkage and 1,6branching pattern of a standard xyloglucan, XXXG. For other radical driven techniques such as
ECD, the identity of the metal adduct does impact the fragmentation process since the electron is
thought to be captured by the metal adduct to initiate fragmentation. The fragmentation behavior
of CTD towards metal adducted glycans was akin to EED which generated numerous cross-ring
cleavages regardless of the metal adduct. However, since EED is performed on an FTICR and has
superior resolving power compared to an ion trap the advantage remains with EED until CTD can
be implemented on a HRAM mass spectrometer, such as an Orbitrap.
Chapter 4 investigated the influence of Na/H exchange on the carboxyl groups of
polymannuronic acid to determine the impact toward the CTD fragmentation process. CTD
unambiguously identified the 1,4-linkage pattern between the core mannuronic acid residues with
no Na/H exchanges present but with Na/H exchange there were numerous nominal isobars present
in the product ion spectra that could not be resolved on a QIT. CTD of precursors with Na/H
exchange generated additional cross-ring cleavages compared to precursors without Na/H
exchange but no additional structural information was gained. Until CTD is coupled to HRMS,
precursors without Na/H exchange should be targeted since comparable structural information can
be obtained without Na/H exchange.
Future experiments could include coupling CTD to HRMS, such as an Orbitrap platform to
increase the resolving power associated with the technique. The CTD reactions would most likely
take place in the HCD cell, similar to UVPD reactions, and the product ions and unreacted
precursor ions would then be sent to the orbitrap for mass analysis and detection. By coupling
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CTD to HRMS, the work conducted in Chapter 3 could be expanded to perform an apples-toapples comparison of CTD and EED of glycans with metal adducts. The Na/H work in Chapter 4
could be expanded on two fronts; 1) Na/H exchange of sulfate groups could be investigated to
determine if CTD would preserve the labile sulfate groups equally as well without Na/H exchange
and 2) the increased resolving power of the Orbitrap platform would allow the differentiation of
the nominal isobaric product ions. Another benefit to coupling CTD to HRMS is the possible
application of CTD to omics research. Since CTD can effectively fragment 1+ precursor ions and
is compatible with chromatographic timeframes, omics research could be a promising field of
study for CTD.
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